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!., PURPOSE 
The purpose of this project is twofold~ (a) to study and investigate 
methods and techniques for measuring the equivalent electrical parameters of 
quartz crystal units in the frequency range 75 to 200 me/sec with major 
emphasis on the range of frequencies from 75 to 150 me/sec and (b) to utilize 
the information obtained from the study and investigation of (a) to design and 
construct an experimental model of a quartz crystal test instrument in which 
the following characteristics shall be a target~ 
(1) Frequency range~ 75 to 150 mc/seco 
(2) Operation with crystal units which have equivalent series-resonance 
resistances of 10 ohms to 200 ohms and shunt capacitances not 
exceeding 10 mmfdso 
(3) The frequency of oscillation of the test set shall be within ± 0.001 
per cent of the series~resonant frequency of the crystal under testo 
(4) The level of radio~frequency power dissipated in the crystal units 
shall be adjustable at least within the limits of 1.0 mw and 10 mwo 
( 5) The accuracy of the measurement nf the equivalent series~,resonance 
resistance shall be ! 5 ohms or t 10 per cent, whichever is the 
greatero 
II o ABSTRACT 
The literature survey phase of this project has been completed51 and 
circuit studies have been made which indicate that modification of the present 
Colo Meter circuit to incorporate a two=stage amplifier should give reliable 
operation at frequencies above 150 me with crystals having resonant resistances 
equal to or less than 200 ohmso 
An experimental Impedance=Inverting Pierce Oscillator has been constructed 
and tested for applicability as a high=frequency crystal test set·e This circuit, 
which uses high transconductance triodes to extend its frequency range of 
operation~ yields values of crystal resistances which compare favorably with 
those obtained with the TS683/TSMo A comparison of resonant frequencies can 
be made upon the arrival of suitably accurate frequency-measuring equipment., 
A system for measuring the phase angle of the crystal self=impedance has 
been studied~ and an experimental unit has been constructed and testedo 
1 = 
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Initial results are encouragingo Moreover~ it appears that this system can be 
modified so as to measure both the resonant frequency and the resonant resist-
ance of high~frequency crystals. 
IIIo CONFERENCES 
During the month of April Mr. Jo Co Hogg, Jro j of this project attended 
the 8th Annual Frequency Control Symposium at Asbur.y Park~ New Jerseyo 
Following the symposium~ Mro Hogg visited the Signal Corps Engineering Labor a·"' 
tories where problems relating to this project were discussedo A proposed 
outline of the initial study program was presented~ and agreement was reached 
concerning the quantity and operating frequency of quartz crystal units to be 
supplied to this project by the Signal Corp e 
IVo METHODS OF APPROACH 
The correlation or the operating f r equency of a quartz resonator in a 
"use" circuit with that frequency obtained in a test oscillator ut ilized by 
the manufacturer has always been a problemo In the early stages or the develop-
ment of quartz resonators for frequency control, it was common to provide test 
oscillators for the manufacture of specific resonators which were as nearly 
identical to the final use circuit as possibleo This led to the need for a 
large number of test oscillators; an unwieldly situationj and to a great 
diversity in the specification of resonator performanceo Early attacks on this 
problem led to the development of standard test circuits in which the circuit 
parameters could be varied to simulate any practical oscillatoro Trus eliminated 
only the "file" of test sets and substituted a file of adjustments that would 
be their equivalento Moreover j such circuits usually defined the activity of 
a crystal in terms of oscillator grid currento Because this definition is 
purely arbitrary, it was useful only for relative measurements and provided 
little information of engineering significanceo 
MOdern crystal test oscillators are designed with the objective of 
measuring the fundamental resonator parameterso The performance Index Meter1 
was designed to permit the measurement of the equivalent parallel impedance 
= 2 = 
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of the crystal under various operating conditions and to permit. the determina-
tion of the parameters of' the equivalent electrical circuit of the resonatoro 
The crystal impedance meter (Colo Meter) which represents an ad"rance in crystal 
test set design was developed by the Frequency Control Branch~ Squier Signal 
Laboratories, Fort Monmouth.') New Jerseyo In the two low=frequency versions of 
this circuit.:> crystals may be operated in either the ser·ies or parallel mode,:t 
and their equivalent electrical parameters may be simply determinedo The 
high=frequency version is designed for operation in the range of 10 me to 130 me o 
Operation with 200~ohm crystals is3 however, limited to about 100 mco The 
CGIIo Meters represent perhaps the highest present development in crystal test 
instrwnents adapted to routine measurements and have proven to be extreme~ 
valuable in standardizing the quality of crystals made by widely separated 
manufacturing facilities., They are also valuable in that they make possible 
the specification of design parameters useful to the circuit engineero 
The wide use of connm.mications equipments operating at frequencies higher 
than those covered by the presently available Colo Meters h,ai~; reopened the 
problem of crystal test setso In particular3 a device is netled which will 
augment the performance of the present C.,Io Meters at higher frequenciesu Be= 
cause of the close channel spacings encountered in high=frequency communications 
equipmentsJ crystal control is necessary. In the past,\) crystal units operating 
on submultiples of the output frequency have been used successfully for this 
purpose, but this method does not lend itself well to the construction of small 
lightweight equipments o A more desirable type of equipment can be designed if 
direct crystal control can be obtained at the operating frequencyo As so often 
happens 3 the development of sui table components depends on the development of 
suitable test equipmento It is the objective of this project to provide for 
this need., 
Gerber2 has given a review of all the presently knt~l methodB of measuring 
crystal pararooters along with detailed circuit configurations and operating 
limits o For the purposes of this project it is convenient to classify these 
methods as being either passive or a~~tive systemso In passive systems the 
crystal is connected as an element in an elec~t.ric filter network which is 
driven by a stable variable frequency oscillatoro The crystal parameters and 
characteristic frequencies are determined from the manner in which the crystal 
= J '~" 
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influences the input impedance or transmission characteristics of the network as 
the dl•i ving frequency is variedo In active systems the crystal is incorporat,ed 
as the frequency-controlling element in an oscillating circuito Usually the 
crystal can be operated in either the series or antiresonant mode~ and the 
equivalent resistance under· either ot these conditions is detetmined by the 
substitution of' standard resistorso 
One limitation of the active systems is that the teat frequencies must 
lie in bands near the series or antiresona.nt .frequencies of' the crystal!') the 
width of' these bands being det.ermined by the degree of frequency pul.ling which 
may be obtained by detuning the oscillator circuitse This limitation does not 
apply in the case of passive systemso Freedom to vary the test frequency over 
a relatively wide range permits the location of any spurious responses which 
may be presente Moreover,$ the impedance of the crystal may be plotted as a 
function of frequency and the consistency of the data checked by the conformity 
of this plot to a simple geometr-ic form.. Passive systems$ in general,9 permit 
easy control of the power dissipation of the crystal., The most important dis .. , 
advantage of passive systems is the severe requirement placed on the s-tability 
of the driving oscillator.. This stability must3 on a short=time basisy be at 
least as good as the stability of' the crystal being measuredo In active systems 
the crystal which is being measured is used to control the frequency, and there 
is no problem of frequency control, Therefore 3 it is possible to constr'uct a 
simple and compact instrument which is well suited for routine measurements .. 
Because of this 3 major attention is being given to the active systems of 
measuremento 
An oscillator circuit must,Y in generals meet the following requirements 
if' it is to be sat,isfactory for use in a c:cystal teet seto Firsts it must be 
capable of oscillating over a suitably wide frequency range with c:tvystals 
having w·idely varying equivalent resistances.. Second~, the level of oscdllation 
must be subject to external control and adequate amplitude stability must be 
obtained at low as well as high levels of crystal disaipationt) It is also 
desirable that frequency changes accompanying ,:ha"lges of pt:Jwer le-vel.c) other 
than those directly due to variation of the crystal parameter.3, be held to a 
minimumo Thirds the selectivity of the resonant ;:;ir·cuits external to the 
crystal must be sufficient t.o reduce the harmonic cUl'rents in the cryst,al loop 
4 = 
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to a negligible minimumo Fourth.? in order to obtain accu:.r.ate measurement of 
the crystal resistanceJ the oscillator grid current or voltage must var.y as 
rapidly as possible with changes in crystal resistanceo Fifth.9 the crystal-= 
controlled frequency of the oscillator should be relatively insensitive to 
detuning of the associated LC circuitso Thi.s latter condition is required for 
accurate measurernent of the crystals characteristic frequencieso 
There are other important requirements which apply to specific component.s 
and to circuit details& For example, the substitution resistor9 if the substi-
tution method of measurement is used~ must have a negligibly low phase angle 
if true values of resonant frequencies are to be obtained. 
The initial approach to the design of a test .set meeting the contract 
requirements has been along the following lines: 
1. Literature Survey =- There is considerable literature on the subject 
of crystal ·test set.s anl ·mea.surement metr.od~ ; and many va~mtile leads ani suggestions 
have been obtained from this survey. It is believed that a solution to the 
present design problem exists in the extension of present C~Io Meter techniques 
provided components can be designed or obtained which will meet the requirements 
imposed by high-frequency operationo 
2e Component Studies -- Particular attention has been given to the 
problem of constructing continuously variable or decade-type resistors having 
low shunt capacity and low residual inductancec 
3o Circuit Studies == Various oscillator circuits are being studied to 
determine the most appropriate configuration for the job at handJ and consider-
ation will be given to the possibility of utilizing bridge configurations to 
balance the crystal holder capacity for higl~frequency operatione It also seems 
desirable that some means be provided to measure the phase angle of the crystal 
impedance under operating conditions as an aid in determining the resonant 
frequencyc One system for doing this is discussed in the following chapter. 
= 5 = 
V a CIRCUIT STUDIES 
A~ Crystal Impedance (£.,Io) Meter Cireu:1t 
The well=known Caoio J.VIet.er circuit~, which was dev"tsloped by the Signal Corps 
Engineering Laborat,ories 5 is shown in Ji"tigur:e 1., In t.hi.s figure R1 
represents 
the resonant resi.st.ance of the c:r.<y~r<:al.<l and R1 represents the loss resistance 
of the coils o High=fi·eqllenrcy versions cf thisg~~ircuit are tuned tc wr' the 
resonant frequency of the r~rys tal under t.est .. " by varying both Lp and Lg' and 
these two inductors are normally made equal to minimize tracking proble~o 
Figure 1., Ct.li .. Meter S:.;hemati-.!o 
While the above cir:.::uit h.:as teen adequa'tely COirered in the literature2JJ,4 
it is worthwhile to con.sider some of i "ts with reference to operation 
at high frequencies with high resistance ~.ry,si;:.,a,lso I:n particular!? it is 
desirable to consider the limi.tat,i.ons on pe:rforman:;e caused by factors not 
included in the quen~;y and 
? 
These equations are given by Gerter- as 
and 
where it is assumed tha.+'"' L p 
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It should be noted that the par"amet,ers Ra. and Rb (Figure l) do not appear in 
the gain equationo As long as the values of these resist,ors are large compared 
to the loss resistances of the coils and small compax"ed to their own shunt. 
reactances$ they have little signific.ant effect on circuit perf'ormanceo These 
requirements are easily met at, moderate or low fr<&quenci.esS~ but above 100 me 
(approximately) the increasing loss resistances of the tuning coils create a 
difficult problem~ 
F.rom equation 1 it is seen that a tube having a transe,onductance of 4,)000 
micromhos (typical 6AK5) and input and output .:;apacitieCi equal to 5 mmf will 
yield a loop gain equal to unity with a value ~f (R1+ ~~ ~) equal to approxi·~ 
mately 400 ohmso Because the coil resistance (R1 ) should no't be gre.ater than 
about 15 ohms (~ ~ 20) this indicates that the circuit could be expected to 
operate with crystals having resonant res is tan(;e values up to ~370 ohmso Such 
performance is not obtaim=~d indicating that, factor-s not considered in the 
low ... frequency analysis are important at. and above 100 mco Two of these factors 
are the input-output phase shift caused by transit time and the input conduct~ 
ance of the tube also caused by transit time~~ Quantitative data on the magni· ... 
tude of the first of these fa.ct>ors are not a.va:Llable~ for modern tubes~> One 
reference, 5 however,, indicates that for the W.Ee type ?l)~"A tube the phase 
shift due to input·.., output transit time may be as great as Oo .3 degree per mega,..., 
cycleo This tube is not greatly different from the present t~e 6AK.5.~ and the 
value of Oo3 degree per megacycle may be accepted as a rough approximation for 
modern tubes o This phase shift whi.ch amounts to 30 degrees at 100 me requires 
detuning the plate and grid circuits 1n order to obtain oscillatitJn at the 
resonant frequency of the c:rystalo Th:ts detuning will reduce the loop gain 
to about 85 per cent of "the v·alue given by equation 2., Considering this factor 
- alone.9 the circuit should oscillate with crystals having a value of R
1 
less 
than 310 ohms o 
Input loading caused by transit t.ime places a .resistance in shunt with 
the grid capacity (Cg L"l Figure 1) ~ which for the 6AK5 a.t 100 me is equal to 
about 7 3 000 ohms a.s shown in Figure 2(a)o Conversion to -t.he series equivalent 
of the grid=input circuit yields -che result shown in Figu:r~e 2(b) o An approxi~ 
mation to the gain reduction caused by input loading may be obtained by 
= 7 
• 
(a.) ( f.r) 
Figure 2. Equivalent Grid Circuit. 
assuming that this r'educti.on u is only due to the decrease in the current i.g 
caused by the presence of R o This is seen to be equal to 30/(30 + 14) or 
n 
about 68 per cento Now considering both input-output phase shift and input 
loading3 it is seen that the circuit should oscillate with (400 .x Oo85 x 0.68 
-30) ohms or about 200 ohmso It seems reasonable,9 therefore.$ that~ i.f' equation 
2 is used to compute the gain~ a gain margin of at least two should be provided 
to insure even marginal operation at 100 me. Moreover, stable operation at low 
levels of crystal dissipation is not likely to be obtained unl~ss additional 
gain is provided. At frequencies near 150 me the combined effects of input 
loading and input~output phase shift, will reduce the actual gain to about 30 
per cent of the low=frequency Ya.lue o Therefore·" a tube should be capable of 
yielding a gain of at least four in order to warrant detailed consideration of 
its use in the Coio Meter circuito A survey of presently available pentodes 
is presented in Table Io In computing the gain for these tubes., it was assumed 
that the coils were loss free and that stray capacity introduced by the cir-
cuitry tv-as negligibly smallu The operating frequency was 150 me and R
1 
was 
taken as 200 ohmsG Maximum possible gain was obtained by utilizing the un= 
padded input and output capacities of the tube for C and C ., p g In most cases 
this results in an u.11balanced system for which the loop gain is 
(J) 
= 8 = 
'rABLE I 
LOW""'FREQUENCY LOOP GAIN OF Coi., METER CIRCUIT (R, ·- 200 ohms) ...., 
Tube Type Loop Gain Tube Type LooE._Gain 
6AH6 loJO 6AN5 1.18 
6AJ5 lo88 6AS6 lo 
6AK5 2o50 tcB6 2.9J 
6AK6 0.85 6AU6 lo07 
6AG5 2.40 WE-418A 3o28 
The results in Table I lead to the conclusion that none of the presently avail-
able high-frequency pentodes would provide a suitable gain margin for operation 
at 150 me with 200-ohm crystals. 
One possible modification of the C.Io Meter circuit to obtain improved 
high-frequency operation is shown in Figure 3 where two stages of amplification 
are used to increase tl~ loop gaino Two obvious difficulties associated with 
r; vl. 
'-----------~-~c;r~T~l_:? L~' ~( c1-l~~--J:~-Aq-
Figure 3o Two=Stage Cole Meter Circuito 
the practical realization of the above circuit configuration are proper track= 
ing of the tuned circuits and increased loop=phase shift caused by the use of 
two tubeso Because the gain at the interstage network (T1 ) need not be greater 
than about four or fi·ve to insure reliable operation.9 the Q of T1 may be 
relatively lowy thus simplifying circuit tuning.. At 150 me the tot,al input-output 
= 9 = 
phase shift for both tubes will be near 90 degrees, and it is immaterial whether 
or not a phase re·versal is provided at T1 as equal detuning would be required in 
either case to give zero loop phaseo It is belie-ved that the question of 
practicality for this circuit can best be resolved on an exper:ilnental basis and 
construction of a test unit has been initiated~ 
Bo Impedance~Inverting Pierce Oscillator 
A schematic diagram of the Impedance~Inverting Pierce Oscillator is shown 
in Figure 4o It appears from a study of the literature that the above-mentioned 
circuit has not been utilized in test sets for measuring crystal parameterso 
Figure 4o Impedance~Inverting Pierce Oscillator., 
One of the outstanding advantages of this circuit is that high transconductance 
triodes may be used to obtain operation at high fx~equencies., Also the inclu~, 
sion of the cryst.al=holder capacity as part of the impedance-inverti.ng network 
provides compensation for this capacity and allows the circuit to operate at 
the series=resonant frequency rather than the resonant frequency of the crystalo 
This oscillator has the disadvantage of a low order of rejection at harmonics 
of the crystal frequency but compares favorably with the Butler circuit in 
this respect., 
The impedance=inverting oscillator differs from the conventional Pierce 
Oscillator in that the crystal is operated at or near its series--~resonant 
frequency~ and a netwc~rk is used to invert t.he low series~~resonant impedance 
to the required antiresonant impedance o This impedance 51 Rx3 in Figure 4 may 
= 10 




2 = c.u 2 = 1/LCe o r (.5) 
In the above equations it is assumed that C = C = C. Then, at c.u the network o n · o 
is the lumped equivalent of a quarter....,wave line hav·ing a chara.cteri.stic imped-
ance, Z , equal to L/C. The circuit in Figure 4 will oscillate with the lowest 
0 
value of g when C is padded to equal C With this restriction the require-
m Pk gk 
ment for oscillation becomes 
(6) 
Because the value of Rx is limited by the crystal resistance and circuit 
capacities~ the oscillator with conventional tubes is usually res·tr-ict.ed in use 
to frequencies below 100 mco However.9 with the presently available high trans-
conductance tubes (WE~416A-B, gm = 50,000 micromhos and WE=417A$ gm = 2 000 
micromhos), indications are that the operation of a high~frequency Pierce 
Oscillator near 200 me is practicableo 
Analysis of the Pierce Oscillator utilizing a balanced impedance-inverting 
line with the WE=416A tube results in an upper frequency limit of 200 me using 
crystals having values of R
1 
less than 120 ohms. The upper frequency li.mi t for 
this tube and crystals having 200=ohms resonant resistance is only 130 mco 
Higher values of R may be obtained by operating the impedance-inverting 
X 
network in an unbalanced condition9 that is" with C < C " The analysis of 
• v n o 
this type of operation has not been reduced to a simplified form but is pre-
sented in detail in reference 6. The WE-417A, although having a lower trans= 
conductance, is well=suited to use with an unbalanced network because of its 
relatively low input capacity. Analysis of circuits using this tube and the 
unbalanced configuration indicate the possibility of obtaining oscillations 
at 200 me with 200=ohm crystals. 
In order to compare the performance of this circuit with the present 
Colo Meter TS 683 TSM, an oscillator was constructed for operation near 50 me., 
This frequency was selected because the presently available C. I. Meter {Serial 
No. 9) does not function well at higher frequencies and because a number of 
- 11 
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crystals were available with overtone frequencies near 50 me., A diagram of 
this circuit is shown in Figure 5. A number of crystals were checked using 
the substitution method, and values of R1 were obtained in all cases within 
10 per cent of the value given by the TS 683o Because precise frequency 
measuring equipment was not available~ no effort was made to accurately 




Figure 5. Impedance-Inverting Oscillator. 
Co Methods for Measuring the Phase Angle of the C~stal Self-Impedance 
A method of measuring the resonant frequency of a crystal not depending 
on the substitution of a standard resistor is that of measuring the phase 
angle of the crystal self~impedance. The crystal is utilized to control the 
frequency of a test oscillator, and the oscillator tuning is varied until zero 
phase angle is observedo 7~ 8 Oscilloscopes have been used for phase measure-
ments with good accuracy at low frequencies, but the upper frequency limit of 
such devices is too low for the frequency range of present interesto A 
thorough search of the literature failed to reveal any highly satisfactory 
method of phase measurement which would be appilicable to crystal measurements 
at frequencies above 75 me. However, a system described by Y'* Pu Yu9 offers 
some possibility for successful applicationo The essential elements of this 
system are shown in Figure 6o From Figure 6(a) it is seen that the voltage 
applied to the diode is 
- - -
Ed = E2 = E1 = E1 (n cos9 + jn sin9 = 1) (7) 
'"" 12 = 
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where 
and 9 is the phase angle between the two voltages o Therefore 
Ed e E1 /i + 1 •· 2n cos; (9) 
For a, equal to one the value o£ Ed is given by 
Ed = 2E1 sin~ ~ 
and 
(a) 




Equal values of E1 and E2 will therefore yield zero voltmeter reading for 9 
equal to zeroj and the sensitivity of the system will depend on both E1 and 
the sensitivity of the voltmeter., Practical application of this system could 
be obtained as shown in Figure 6(b)o Here the values of E1 and E2 will not be 
equal, and a zero voltmeter reading will not be obtained for 9 equal to zero~ 
Also the sensitivity of the detector is degraded when g is not equal to oneo 
The phase angle between E1 and E2 is dependent on the reactance shunting ~ as 
well as on the crystal self-impedance~ and serious errors can occur unless this 
reactance is made negligiblee If this latter condition is obtained, howeverj 
the detector voltmeter will yield a minimum reading for the condition of zero 
crystal reactanceo 
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In order to check the practicability of this method of phase measurement5 
an adaptor was made to permit connection of the phase detector to the existing 
C.I. Meter., A schematic of this arrangement is shown in Figure 7, A number of 
crystals in the range of 25-35 me were checked using this circuito In each case 
a dip in the reading of the detector voltmeter was obtained at a frequency slightly 
higher than the frequency which corresponded to maximum grid current in the C.I. 
Meter., This indicates that the dip in voltmeter corresponds to a frequency near 
the resonant frequency of the crystal~ 
\ 
\ , C, I: A1~ ft! y' 
- - ----1 
--, 
I'- A T7 
Figure 7 o Experimental Phase Detector o 
VIo CONCLUSIONS 
+ 
It appears that the present Col. ¥~ter circuits as used in the TS68J/TSM5 
must be modified to the two=stage configuration in order to obtain satisfactory 
operation at high frequencies with high.,·resistance crystalso Also the Impedance--
Inverting Pierce circuit shows some promiseo Conclusions as to its exact worth, 
hov..rever, must await f1.1rther testso 
}~asurement of tr~ zero=phase condition of the crystal unit is a desirable 
method of determining the resonant frequency., While initial results with this 
method are encouraging,:. conclusions as to its applicability must await more 
precise measurements at higher frequencies .. 
14 
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VIIo PROGRAM FOR NEXT QUARTER 
Work during the next quarter will be a direct continuation of that reported 
in the preceding pages. Emphasis will continue to be placed on active measure-
ment systems. 
Specific objectives for the following period are: 
1. construction and test of a two-stage Colo Meter circuit at a frequency 
near 150 mc)l 
2. analysis of the influence of circuit "strays" on the accuracy of phase 
measurements, and the 
3o construction and test of various systems of phase measurements. 
Approved: 
Jo Eo Boy&~ Head 
Pqysics Division 
Paul K. Calaway, Acting Direc~oJ' 
Engineering Experiment Station;' 
... 15 -
Respectfully submitted: 
James c. Hogg, Jr. 
Project Director 
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employed on s.c .. E .. L .. projects entitled fiHigh Frequency Crystal-Controlled 
Oscillator Circuits" and "Investigation of Frequency Control Above 150 me"" 
Mr .. Douglas W. Robertson, Research Engineer, devotes one-half time to 
this project.. Mr. Robertson is a graduate of the Georgia Institute of Technology 
and holds the degree of BoS. in Electrical Engineering. Mr .. Robertson has 
approximately nine years of experience in the field of electronic circuitry and 
has been employed by the Engineering Experiment Station on a full-time basis 
since January 1951e 
Mr. Thomas R. Scott, Jr., Assistant Research Engineer, is employed by 
this project on a full-time basis. Mr. Scott served 3-1/2 years as an Aviation 
Electronics Technician in the United States Navy and now holds the degree of 
M.S. in Electrical Engineering from the Georgia Institute of Technology.. He has 
been employed by the Engineering Experiment Station since March 1952 and has 
had considerable experience with electronics in the field of underwater sound. 
IX.. LABORATORY, EQUIPMENT AND FACILITIES 
The activities of this project are conducted in the Main Research Building 
of the Engineering Experiment Station. This location was selected because it is 
near the areas used by Signal Corps Projects No .. 33-142B and Noo 33-862Ao 
Approximately 128 square feet of floor space is available in the laboratory, 
with an equivalent amount for use as office spaceo The laboratory is well 
equipped with direct-current power supplies, and V.H.Fo receivers are available 
which operate up to 200 me. Some other station-owned equipment which is being 
used or which is available for use on this project is listed below .. 
1.. Signal Generator, r-f, H.P .. Model 6o8A 
2.. Signal Generator 3 r-f3 l~asurement Corpo Model 80 
3o Voltmeter, H.Po Model 410B 
4. Grid Dip ~leter, Measurement Hodel .59 
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5. Impedance Bridge~ H.P. Model 803A 
6. V.H.Fo Detector~ H.P. Model 417A 
7. Admittance Bridge, General Radio Type 16o2-B 
8" Frequency ~~ter9 Gertsch Model FM=3 
The last item in the above list is limited in accuracy to 0.002 per cent 
which is not sufficient for the purposes of this project. It is anticipated 
that the station will obtain a Berkeley Model 5570 frequency meter and a 
Model 5576 V.H.F. converter before the end of the next period. 
An Advance Phase and vector Voltmeter Type 213 H.F. has been ordered as 
project property. 
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I. PURPOSE 
The purpose of this project is twofold: (a) to stuqy and investigate 
methods and techniques for measuring the equivalent electrical parameters of 
quartz crystal units in the frequency range 75 to 200 me/sec with major empha-
sis on the range of frequencies from 75 to 150 me/sec and (b) to utilize the 
information obtained from the study and investigation of (a) to design and 
construct an experimental model of a quartz crystal test instrument in which 
the following characteristics shall be a target: 
(1) Frequency range: 75 to 150 me/sec 
(2) Operation with crystal units which have equivalent series-resonance 
resistances of 10 ohms to 200 ohms and shunt capacitances not 
exceeding 10 mmfds. 
(3) The frequency of oscillation of the test set shall be within + 
OoOOl per cent of the series-resonant frequency.of the crystal 
under test. 
(4) The level of radio-frequency power dissipated in the crystal units 
shall be adjustable at least within the limits of loO mw and 10 mw. 
(5) The accuracy of the measurement of the equivalent series-resonance 
resistance shall be ! 5 ohms or ! 10 per cent, whichever is the 
greater. 
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II. ABSTRACT 
A two-stage version of the CG Io Meter circuit has been constructed and 
tested. Satisfactory operation was obtained at 132 me with substitution re-
sistors having values well in excess of 200 ohms. 
Both a phase-detection system and a bridge system for measuring the res-
onant frequencies of cr.ystals have been investigated. Experimental results 
at frequencies up to 60 me show that the values of resonant frequencies ob-
tained using each of these methods agree to within 0.001 per cent with the 
values obtained with the present C. Ic Meter TS/683. 
Progress Report Noo 2, Project Noo A-151 
III. CONFERENCES 
Mr. Jo C. Hogg, Jrs, and Mr. Do W. Robertson attended a conference at 
S.C.E.L. on August 16 and 17, 1954o The status of this project as of this 
date was discussed, and an outline of possible future courses of action was 
presented to the Signal Corps personnel. Twenty-one quartz crystal units 
and data on their characteristics were delivered to the project personnel as 
government-furnished equipment. 
-3-
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IV. CIRCUIT STUDIES AND EXPERIMENTAL WORK 
A. Two-Stage C. I. Meter Circuit 
As pointed out in a previous report (1), the single-stage C. I. Meter 
circuit with conventional pentodes does not appear to be satisfacto~ for 
use above 150 me with cr.ystals having series-resonant resistances in excess 
of 200 ohms. In order for this circuit to function properly under the fore-
going. conditions, a pentode would be required having values of transconduc-
tance, input capacity and output capacity related as follows: 
gm ;:;.. -6 
CC -700 X 10 , (1) 
p g 
where ~is in micromhos, and the capacities are in micromicrofarads. This 
expres~ion follows from the low-frequency gain equation, shown here as equa-
tion 2, and from the requirement that for high-frequency operation the gain 
given by equation 2 must be increased by a factor of approximately four to 
account for losses caused by input conductance and input-output transit time. 
~ = coil loss resistance 
1 L = plate and grid inductors 
p~ g 
C C = output and input capacities p, g 
~ = crystal resonant resistance 
(2) 
A survey of presently available pentodes, both miniature and subminiature 
was made, and none of these was found to have characteristics meeting the re-
quirements of equation lo There is one special tube, however, which appears 
to meet these requirements, namely, The National Union 58570 For this tube, 
C and C are respectively 2o2 mmf and 9o3 mmf, and the published value of El p g '1n 
-4~ 
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is 25,000 micromhos. If the input-output phase shift of this tube is near 
the previously assumed value of Oo3 degree per megacycle (1), the requirements 
of equation 1 may be easily met. However, this tube's high transconductance 
is obtained by utilizing seconda~ emission phenomena, and its input-output 
transit time is likely to be greater than for conventional tubes. It is known 
that the NoUo 5857 is a good amplifier at 200 me, but no information is avail-
able as to its performance as an oscillator at this frequency. Information 
on this subject has been requested from the manufacturer. Inasmuch as the 
characteristics of th~s tube were called to the attention of this project late 
in the present period, no experimental work has been performed and detailed 
planning has been withheld pending receipt of more detailed information. 
While examining the characteristics of tubes for possible use in the two-
stage circuit, it was noted that in a number of triodes the desirable combina-
tion of lo¥ input and output capacities and high transconductance is found. 
The triode, because of its high-grid-to-plate capacity, is not suitable for 
use as a grounded-cathode amplifier in either the conventional or two-stage 
circuitso However, its use in the cascade arrangement, as shown in Figure 1, 
presents certain advantages. 











Figure 1 .. Cascade Co Io Meter Schematic. 
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The capacitance values shown in this figure apply to the 6AN4 triode, which 
has a transconductance equal to 103 000 micromhosa Because the gain of the 
first (grounded-cathode) stage is near unity, the input capacity C is found 
n 
to be 
en · cgk + cgp (1 +A) ~ 6.2 mmt. (3) 
The gain of the two tubes in this configuration is not less than a single-
pentode, grounded-cathode stage having the same gm; consequently the require-
ment stated in equation 1 etill holds. For the 6AN4 in the above configura-
tion 
(4) 
and it is seen that a suitable gain margin is provided. 
The coil, ~' is shunted by the low-input impedance of the grounded-grid 
stage and, therefore, has a relatively wide-band response. This is an advan-
tage in that it simplifies tuning this component, but a disadvantage because 
it places the burden of correcting for excess phase-shift caused by the tubes 
on the plate and grid-tuned circuits aloneo In any event the circuit appears 
worthy of further investigation, and experimental work will be conducted in 
the near futureQ 
A two-tube version of the conventional Co I. Meter circuit was discussed 
in the first quarterly report of this projecto A circuit of this type was 
constructed during the present period and tested at a frequency of approxi-
mately 132 mco Oscillations were obtained with substitution resistors well 
in excess of 200 ohms. At the time of this experimental work only one cry-
stal was available for operation at this frequency, namely, a RCA 132-mc, 
seventh overtone unit having approximately a 60-ohm resonant resistance. The 
performance of the circuit with this cr,ystal was considered to be satisfactory, 
and a frequency stability of Oo3 ppm per volt screen and plate-voltage varia-














Figure 2. Two-Stage Co I. Meter Circuit. 
In the initial version of this circuit no phase reversal was provided at T1, 
the excess phase resulting from input-output transit time being sufficient 
to permit oscillation at the crystal resonant frequency with only moderate 
detuning of the plate and grid inductorsp No attempt was made to gang tune 
these two inductors as only single-frequency operation was contemplated. 
Some idea of the magnitude of the excess phase caused by transit time may be 
obtained by noting that with all three resonant circuits tuned to 135 me the 
circuit would oscillate with a 67-ohm resistor in the c~stal socket at 144 mco 
In this case the circuits were tuned using a Measurement Corporation Model 59 
Grid Dip Meter with plate and filament voltages applied and with the crystal 
socket open circuitedo Because of the indeterminate nature of the loaded Q•s 
of the several coils, no attempt was made to compute the transit-time phase 
shift from the above-mentioned observations. 
The circuit of Figure 2 was later modified to provide a phase reversal at 
T1 o To accomplish this reversal9 a bifilar transformer was substituted for the 
-7-
Progress Report Noo 22 Project Noo A~l51 
coil shown in Figure 2o Ver.y nearly equivalent operation was obtained except 
for a difference in tuning. In this latter case the plate pnd grid coils 
were tuned to 135 me with the cr,ystal socket open as before, and the circuit 
oscillated at 132 me with a 67-ohm resistor in the cr.ystal socket. This in-
dicates the required opposite detuning of 1 and 1 in order to obtain oscil-
P g 
lation at the resonant frequency of the crystal. 
Finally the oscillator was modified in order to serve as a driving source 
for the bridge circuit described later in this report. The purpose of this 
test was primarily to determine whether or not the decreased loop gain and in-
creased circuit strays caused by the introduction of the bridge would serious-
ly affect the operation of the circuitQ It was found that the performance was 
only slightly degraded, and that a zero indication on the bridge meter could 
be obtained at a frequency near f o At the time of this work the VoHoFo con-r 
verter for the Berkeley frequency meter had not arrived, and no attempt was 
made to measure f accurately. 
r 
Bo Phase-Measuring System 
The circuit in Figure 3 may be utilized to measure the phase angles be-
tween the two voltages Ea and Eb (1) (2) as a means .of determining the reso-
nant frequency of the crystalo At this frequency the impedance at the cry-
stal termipals is pure real, and provided the reactance shunting ~ is 









Figure )o Basic Phase-Measuring System 
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It is of interest to determine the accuracy with which the phase angle 
of the cr.ystal impedance must be determined in order to specify a particular 
characteri~tic frequency within an accuracy of OoOOl per cent. For_ high fre-
quency use, interest is generally confined to series~mode operation, in which 
case the resistances Ra and ~ in Figure 3 are small, and the behavior of the 
crystal may be approximated by that of its series arm alone. This condition 
is shown in Figure 4a where it is also assumed that the reactance Xb may be 
neglected~ It should be noted that ~ represents the total resistance from 
terminal a to ground. 
R, 
Figure 4. Equivalent Circuits. 
In Figure 4a the phase angle between Ea and Eb is the same as the angle 
between Ea and Io Therefore, only the phase angle of the impedance Zt as a 
function of frequency need be considered 
(5) 
From equation 5 the phase angle et between Ea and Eb is seen to be 
(6) 
=9= 
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Since 
then from equation 6 
Now letting 
f = f + 8f ' 0 0 
where 8 is the fractional tolerance in determining f , it follows that 
0 
For small values of 8 as is generally the case 
where n = ~~~ .. 







As an example of typical conditions, let A equal 10-5 or OoOOl per cent 
and Q equal 104, a value approximating moderately good crystals near the fre-
quency range of present interest. For the condition that ~ = ~ 
(13) 
<:310-
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or 
(14) 
The detector under the assumed conditions, must therefore have an error less 
than = 5.7° in order to permit determination of the resonant frequency with-
in = 0.001 per cent. 
The influence of terminating reactance Xb on measurement accuracy may be 
evaluated from Figure 4bo Here it is assumed that the frequency is such that 
the resonator is a pure resistance and that any phase angle between Ea and ~ 
is due only to the presence of finite value of Xb. From Figure 4b it is seen 
that 
~ ~~2 (~ ... !b) + j~ ~ 2R:t 
Ea (~1\)2 + xb2 (~+ ~)2 
(15) 
' From equation 15 it may be seen that the phase angle e t between Ea and Eb 




where again n is equal to Ib/~. 
(16) 
Equation 16 indicates that small values of E are desirable for accuracy. 
Moreover, as shown by equation 11, small values of g also lead to large changes 
in phase with changes in frequency which in turn promote increased accuracy. 
However, it was pointed out in reference (1) that small values of ~ lead to 
decreased detector sensitivity and that for values of g less than one the de-
tector voltmeter reading is a minimum rather than zero at the zero phase con-
ditione It was initially believed that the above reduction in sensitivity 
would seriously limit the utility of this type of phase detector. However, 
experimental work 'With small values of!!. conducted during the last quarter and 
the measurements presented in Table I indicate that good accuracy may be 
~11-
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obtained .. The circuit shown in Figure 7j Progress Report Noo 1, was used in 
making these measurementso The frequency f is that given by the TS/683 
r 
using the standard measurement pr9cedure for resonance. The adaptor shown in 
the same Figure was then inserted, and the tuning of the TS/683 was adjusted 
to give a minimum voltmeter reading. Frequencies corresponding to this con-
dition are listed as fd. Two sets of readings are given to indicate the reset 
accuracy. 
TABLE I 
ZERO PHASE FREQUENCY MEASUREMENTS 
R f fd 
Approximate 
Crystal r r Per Cent 
Number Overtone (me) (me) (me) Difference 
C-1 3 13 35.997257 35 .. 996220 + 0 .. 0001 
35 .. 997290 35 .. 997260 + 0.00008 
C-3 1 3 15 .. 979821 15.979733 + o.ooo6 
15.979637 15.979631 + 0.00004 
B-701 5 35 35.487525 35.487515 + 0.00003 
35.487484 35.487479 + 0.000014 
B-1849 5 52.5 30 .. 822805 30.822810 - 0.000016 
30.822875 30.822837 + 0.00012 
B-502 5 42 25 .. 081515 25.081501 + o.oooo55 
25 .. 081563 25.081562 No Signifi-
cant Differ-
ence 
The results shown in Table I are regarded as being quite good. In taking 
these measurements, the crystal power level was maintained constant for 
corresponding readings of fd and fr' and these measurements were made over a 
-12-
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short period of time in order to avoid the influence of room-temper?ture vari-
ations. The second set of readings was taken after a lapse of time, and no 
attempt was made to identically reproduce the original crystal power level nor 
to maintain a constant room temperature. These conditions should account for 
the different values of f obtained for the same crystal. 
r 
It is anticipated that considerable difficulty will be met in obtaining 
similar performance at higher frequencies because of the increased influence 
of stray reactances. The bridge circuits described in the following section 
were derived to avoid some of these difficulties. 
C. Bridge Systems 
The bridge configuration (Figure 5) is one of the most widely used means 
of measuring circuit constants at r-f frequencies. When such a bridge is ad-
justed for balance, the potential appearing at ~ is equal to that at ~ in both 
magnitude and phase and no current flows through the detector D. This condi-
tion requires that ~1;s2 = g3;~4 where H1, ~2 , e3 and ~4 are vector quantitie~ 
c 
~---------------4ru ~----------------
Figure 5o Basic Bridge Circuit. 
The use of a bridge circuit to overcome the effects of the reactance 
loading encountered when measuring the phase angle of the crystal self 
impedance appears to be practicableo In addition, the bridge configuration 
~13-
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simplifies the requirements on the phase-measuring system because it is not 
necessary to measure the. actual phase difference between two unknown and un-
equal vo~tages. Instead, the phase-measuring device becomes a simple balance 
detector, which continuously indicates the vector difference between the two 
potentialso The bridge circuit also offers a more practical method of com-
pensation of C and existing strays. 
0 
Although considered primarily for use in an active circuit of the Cry-
stal Impedance Meter type, the bridge is readily adaptable to a passive 
measuring system and offers the possibilities of measurement of the remaining 
crystal parameters (J). 
In the present application the bridge network, including the crystal, 
is inserted in the main feedback path of any self-controlled oscillator suit-
able for exciting the resonant frequency of a quartz crystal.. A possible 
bridge arrangement and balance detector is shown in Figure 6. 
B+ 
Figure 6o Co Io Meter Bridge Circuit 
=14-
Progress Report No~ 2 2 Project Noo A=l51 
The balance detector consists of a germanium diode which detects the instan-
taneous difference between the potentials existing at points b and d~ This 
resulting d-e voltage is then fed to a balanced-cathode follower to drive a 
balance indicatoro R5 provides a means of zeroing the meter for zero 
(shorted) input at p and do R2 and R3 may be passive impedances of any type 
but Im.lst be matched, in the frequency range of interest, for equivalence in 
both magnitude and phase angle. R4 is a variable resistor which balances the 
equivalent series resistance of the crystal. R4 must have a small phase 
angle in order to permit determination of the resonant frequency within limits 
of required accuracy. 
The operation of the bridge may be analyzed by reference to the vector 
relationships that exist at points b and d. This analysis assumes that all 
stray reactances are balanced or compensated and that ~ is a pure resis-
tance. Resistor R4 is initially set at its maximum resistance position, and 
the oscillator is tuned until crystal control is effected~ This point is 
evidenced by a sudden rise in the balance indicator reading and is a result 
of the change in degree of unbalance due to the lowered crystal impedance 
near resonance. 
The vector relationship existing at this time may be shown graphically, 
Figure 7a, where VR is the potential drop across Ru' Vc is the drop across 
the crystal and ¢RC is the phase angle between the two potentialso The rel-
ative magnitude of the vector difference, V
0
- VR may be read directlY on the 
balance meter o Now if the resistance \ is decreased, the voltage V R will 
decrease in magnitude until the meter reading (V0- VR) indicates a minimum. 
At this point V R is nearly equal in magnitude to V Co (See figure 7b).. Re-
tuning the oscillator until a minimum reading is again obtained will bring 
the phase difference between VC and VR to almost zeroo* Repeating the pro-
cess of alternately tuning the oscillator and \ for a mininn.un brings each 
successive dip closer to zero until the bridge is brought into balance and 
V 
0
- V R = 0. At this time the crystal is operating at minimum impedance and 
*Although tuning of the oscillator causes the magnitude of v0 to var,y to some extent, Figure 7c, the effect on the vector difference, as read by the bal-
ance indicator, is small compared to that produced by the phase change and 
the apparent operation is as described. 
-15-
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(6-) 
(c) 
Figure 7o Vector Relationships. 
Progress Report Noo 21 Project Noo A-151 
at zero reactance which defines operation at resonanceo In addition, the 
resistance of a4 is equal to the equivalent series resistance of the cr.y-
stal at resonance and may be directly calibratedo Frequency is then meas-
ured by means of an external device as in the present Co Io Meter. 
Series resonant operation may be accomplished if the holder capacity 
C is compensated by either antiresonating it with an external inductance 
0 
or by balancing it with an equal capacitance across Ru· 
Advantages that may be gained by using the described bridge circuit 
include: 
(1) The bridge network, when used in a self-controlled oscillator, 
actually utilizes the phase and voltage change across the cr,ystal element 
rather than some other circuit parameter to determine the frequency to be 
measured. 
(2) The circuit stray reactances, which normally change during the 
steps in a resistor substitution system, remain fixed in the bridge circuit 
and may be compensated; this is very important at higher frequencies. 
(3) The tuning procedure is simple and direct because the two adjust-
ments (oscillator tuning and change in ~) are both adjusted to produce a 
dip on the same meter without the necessity of switching or changing the 
circuit in any manner. 
(4) The dip or null method of tuning usually yields higher accuracy 
as compared to the present Co Ia Meter method of setting the grid current 
at a particular value which remains unchanged with substitution of the cry-
stal or resistor. 
(5) The parallel feedback paths of the bridge circuit at balance per-
mit a possibility of decreasing the effective feedback resistance below that 
of the crystal impedance aloneo This becomes of increasing importance at 
higher frequencieso 
(6) The fact that an oscillator when used with the bridge circuit can 
free-run (due to the dual feedback path through the bridge) may be considered 
=17-
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und~sirable. However, since crystal control is easily recognized due to ac-
tion of the balance indicator~ this does not seem to detract from the desir-
able properties of the bridge configuration. 
The circuit in Figure 6 was constructed and used to measure the frequen-
cy of a number of cr.ystals supplied by SoCoEoL. The resonant frequencies of 
these crystals which were measured prior to delivery to this project are 
entered in Table II as frl' while those frequencies obtained at the balance 
point with the circuit of Figure 6 are entered as fr2• Measurement pro-
cedures were similar to those used for the data in Table I. 
TABLE II 
BRIDGE MEASUREMENT OF RESONANT FREQUENCIES 
rrl fr2 
Approximate 
Crystal Per Cent 
Number (me) (me) Difference 
X-36 60,604j)069 609604,033 Oo00006 
X=37 609669,752 60,669,605 Oo00024 
X-38 60, 610~ 286 60,610,033 Oo00025 
X-39 30,468.9 729 30,468,665 Oo00021 
X-41 41, 253s 784 419253,351 OoOOlOl* 
The most stringent requirement of a practicable system utilizing the 
bridge circuit would be that imposed on the resistor R
4
, which should ex-
hibit zero reactance within the frequency range of 75 to 200 mco As this 
may be more nearly realized with a fixed rather than a variable resistance 
a second bridge network (Figure 8) is being considered in which the 
*This unit was opened to remove loose solder and resealedo Therefore the 
relatively large difference is not unexpected . 
. =18-
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impedances R2 and R3 are replaced by a differential condenser, and Ru is made 
a fixed resistance. 
osc, 
Figure 89 Differential Capacitor Bridge. 
Balance is now achieved by changing the ratio of c
3
;c2, and at balance 
the equivalent resistance of the cr,rstal is given by Re = Ru c
3
;c2 o One 
disadvantage to this network is that C
0 
cannot be easily compensated by the 
addition of an equivalent capacitor across ~· 
A third bridge configuration for use in a crystal impedance meter that 
offers some advantages over the previous mentioned t,rpes is shown in Figure 9. 
osc.. 
Figure 9o Alternate Bridge. 
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In this bridge circuit R4, the variable resistor, is placed in series with 
the crystal feedback path while R2 and R3
, the balanced impedances, provide 
the other feedback patho Operation is similar to that of the basic bridge 
circuit. Use of this configuration permits measurement and compensation of C
0 
without the use of additional equipmento This is accomplished in the following 
manner. Resistor ·~ is removed from the bridge circuit, and the oscillator is 
allowed to free-run by placing a low impedance across the bridge (point a to 
point c). The oscillator is now tuned to same frequency away from resonance 
where the impedance contributed by the crystal is primarily C
0
• c4 is then 
adjusted for a minimum reading on the bridge balance meter. The bridge is now 
balanced and c4 = 00 • If c4 is calibrated, the value of C0 may be read direc-
tlyo Also C is now compensated, and the bridge may be used to determine the 
0 
series. resonant frequency rather than the resonant frequency. ~is now re-
placed, and the resistance between points a and c removedo The equivalent 
crystal resistance and the series resonant frequency are now determined as 
described for the first bridge. 
Several other advantages are apparent in this circuit: 
(1) The stray capacities existing in ~ may be included in c4 by 
opening the variable contact of R4 rather than removing R4 itself. This 
places less stringent requirements on the phase angle of Rho 
(2) At higher frequencies the circuit may be prevented from running on 
C
0 
and c4 by neutralizing the series combination with an inductance connected 
between points a and Co This inductance being external to the bridge itself 
would have no effect on balance. 
(3) Since resistor ~ is in the same feedback path as the crystal, both 
the resistor and the crystal would contain the same distortion components and 
no error in the equivalent crystal resistance due to distortion would exist. 
(4) Impedances R2 and R3 can be made large enough to prevent the oscil-
lator from running except under crystal controlo One disadvantage of this 
network is the increased impedance in the feedback path resulting in a require-
ment of a greater gain from the oscillatoro This impedance at balance is 
-20-
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necessarily twice the equivalent crystal resistance reduced by the parallel 
path of R2 and R3
. R2 and R3
, as mentioned, should be large enough to pre-
vent operation except under crystal control for most satisfactory operation. 
-21= 
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Vo CONCLUSIONS 
Fr9m the experimental results obtained with the two-stage Co Io Meter 
circuit, it appears certain that reliable operation can be obtained at fre-
quencies up to 150 me with cr.ystals having series resonant resistances equal 
to or less than 200 ohmso One important feature of this circuit yet to be 
investigated is its performance at low levels of crystal dissipation. A 
cascade configuration using high transconductance triodes also appears to be 
attractive. 
Good results were obtained with both bridge and phase measuring systems 
for determining the resonant frequency of crystals below 60 me, and perhaps 
this performance can be matched at considerably higher frequencies, particu-
larly with a bridge configuration. 
=22-
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VI.. PROGRAM FOR THE NEXT ~UARTER 
Work during the next quarter will be a continuation of the work reported 
in the preceding pages. It is anticipated that considerable measurements will 
be made of the characteristics of the various bridge arrangements at frequen-
cies up to 150 me. 
Specific objectives for the following period are: 
1.. Measurement of the impedance characteristics of various types 
of high-frequency resistors, 
2o Construction and test of a tunable two-stage C .. I. Meter cir-
cuit and 
3o Selection of the circuit configuration to be used in the 
experimental model test set. 
Approved: 
J. E., Boy(IJ Head 
Physics Division 
-23-
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Proiect Director 
--' , .. .. - ._, .. - .. 
Douglas W. Robertson 
Research Engineer 
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VII. IDENTIFICATION OF KEY PERSONNEL 
This project is under the direction of Mr. James C. Hogg, Jr., Special 
Research Engineer, who devotes one-half time to this work. Mr. Hogg has had 
considerable experience in the field of frequency control and was previously 
employed on S.C.E.Lo projects entitled "High Frequency Crystal-Controlled 
Oscillator Circuits" and "Investigation of Frequency Control Above 150 me." 
Mr. Douglas W. Robertson, Research Engineer, devotes one-half time to 
this project. Mr. Robertson is a graduate of the Georgia Institute of Tech-
nology and holds the degree of B. S. in Electrical Engineering. Mr. Robertson 
has appr-oximately nine years of experience in the field of electronic cir-
cuitry and has been employed b,y the Engineering Experiment Station on a full-
time basis since January 1951. 
Mr. Thomas Ro Scott, Jr., Assistant Research Engineer, is employed by 
this project on a full-time basis. Mr. Scott served 3-1/2 years as an Avia-
tion "Electronics Technician in the United States Navy and now holds the degree 
of M.So in Electrical Engineering from the Georgia Institute of Technology. 
He has been employed by the Engineering Experiment Station since March 1952 
and has had considerable experience with electronics in the field of under-
water sound. 
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Vm.. LABORATORY, EXlUIPMENT AND FACILITIES 
In addition to the equipment listed in the previous progress report 
this project now has available for its use a Berkeley type 5570 frequency 
meter and a type 5575 V .. HoF .. converter. A standard 1-mc signal derived by 
multiplication from a Western Electric type D 175730 100-kc oscillator is 
available to supply both of the above-mentioned units. A harmonic of the 
100-kc source is adjusted twice daily to agree with standard transmissions 
from radio station~, and it is believed that the over-all accuracy of 
the measuring system is not less than 0 .. 00001 per cent at frequencies 
above 75 me. 
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Io PURPOSE 
The purpose of this project is threefold: 
(a) To study and investigate methods and techniques for measuring the 
equivalent electrical parameters of quartz crystal units in the 
frequency range 75 to 200 me/sec, 
(b) To utilize the information obtained from the study and investiga-
tion of (a) and to design and construct an interim experimental 
model of a quartz-crystal test instrument in which the following 
characteristics shall be a target: 
(1) Frequency range: 75 to 150 mc/seco 
(2) Operation with crystal units which have equivalent 
series-resonant resistances of 10 ohms to 200 ohms and 
shunt capacitances not exceeding 10 p.f.lf. 
(3) The frequency of oscillation of the test set shall be 
within :!:: 0.,001 per cent of the series-resonant frequency 
of the crystal under test. 
(h) The level of radio-frequency power dissinated in the 
crystal units shall be adjustable at least within the 
limits of loO mvr and 10 mvr .. 
(5) The accuracy of the measurement of the equivalent series-
resona.nt resistance shall be ± 5 ohms or :!: 10 per cent, 
whichever is the greatero 
(c) To design and construct two final model test instruments in which 
the following additional characteristics shall be a target: 
(1) Frequency range: 75 to 200 me/sec. 
(2) The level of radio-frequency power dissipated in the 
crystal units shall be adjustable at least within the 
limits of 0.2 mw and 10 mw. 
-1-
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II. ABSTRACT 
A study of the VHF imoedance c'-'aracteristics of low-value resistors has 
been initiated. Althrni?h reasonable confidence has been established in the 
test setup for t'hese studies, the data obtained differ considerably from 
simil:1r data rr3cently taken by the SC3L.. This work is being continued with 
partic11lar attention to the development of low-phase-angle potentiometers and 
other comoonents to be utilized in various bridge configurations contemplated 
for use in future C., I .. Meters. 
The cascade confiGuration to be used in the proposed C. I. Meter circuit 
has shm'm exceptional promise especially at frequencies up to and even above 
200 me.. It has become apparent, however, that a rather complicated nonlinear 
inductuner will have to be developed in order to provide appropriate tracking 
of the interstage inductances over the required frequency range. 
In the meantime, a two-stage line-coupled oscillator circuit has been 
developed which anpears to meet the target requirements for the interim instru-
ment.. At the request of the SCEL, maximum effort will be made toward the 
early delivery of th2 interim test instrument utilizing this circuit. Since 
the development of the bri.dge system of measurement was scheduled for next 
quarter, this interim instrnment wiJ.l utilize substitution resistors or low-
phase-angle potentiometers .. 
-2-
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III.. EXPSRIM1!;NTAL WORK AND CIRCHIT STUDIES 
A. VlW Impedance Characteristics of Low-Value Resistors 
Th1ring this report period, a study was made of the VJW impedance 
characteristics of low-value resistors. The nurpose of this study was two-
fold: first, to develop confidence in the instrumental setup to be used in 
the measurement of fixed brirlr:e comnonents, snecial mininmm reactance poten-
tiometers, and tf].e like which are anticipated to be included in C .. I .. Heters 
now under development; and second, to gain familiarization with the impedance 
chnracteristics of substitution resistors as used vii th present C. I .. Meter 
techniq,1es .. 
The test setup is shovm in 1 and consists of a H~rlett Packard 
VHF Bridge and Detector together vri th a t~easurements 80 Sie-nal Generator and 
an SYL Chain Amplifier. The co:rrrponent mount is shorrn in Figure 2 together 
·with throe calibrating short cireui ts ··;rhose measured irrrpeda:1ees at 25 me 
intervals from 75 to 200 me are shown in Table I. 
TABLE I 




















lO .. h lS.Q! 
Frequency In Me/sec 
125 150 175 
11.5 L2fL 
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',7hilo it is obvious that the coaxial n1ug provided t}:e most perfect short, 
the crystal holder shorts 'Sere 2lso measured becau,se they indicate t~e imped-
ance r.levj"atj on ~;Jith frequency Ythich may be attributed to the mountini; system 
actually used vri th plug-in fixed resistors .. 
Reasonable confidence may be in this test setup basr3d on the 
linearity of tlie coaxial short-circni t measure:ments as plotted in Figure 3. 
Data were taken on 30 fixed resistors ranging from 15 to 220 ohms as 
manufactured by Globar, Allen Bradley, and IRC.. These resistors were mounted 
on crystal holders in a manner similar to the solid-bar short circuit shovm 
in Figure 2.. Data were taken on the Allen Bradley substitution resistors 
mounted in phenolic holders which were sunnlied with a TS-683-TSM Crystal 
Imnedance lf:eter. Irrnedance data on these subst:i tution resistors :.1re also 
avRj l:ible in SC:r!:L Technical ~:emorandnm No .. M-1559 dated 15 Febrnary l95L. .. 
~tlhile t)'e sr:;:~L d2.ta de11icted resistcm.ce anc reactance r-en.erally varying 
:rr:onotonically v.ri th freqnency, the Georgia Tecb data innicRte rlt stinct 
gyrations in t'h,ese c,~rvos o .Selections from both Go or Toe 1-, anrl SC:SL data 
are s~m·;n in lJ, 5, 6, 7o Sjnce tl_-le instr,1mentat:io11 setuns at 
beth laborat.ories ·rrere ::nmJ lar, t'~--:ere is cause for concern over the dis simi-
data are 
to be obtained b'' both lc:,boratories different instrumentation, and, 
trereforo, ~10 c:onclusions ~.'till be drD~Yrn at this time., 
Do Cascade Circuit 
A co.scodo configuration for use in the proposed Crystal Impedance l,:eter 
was mentioned in Quarterly Report No, 2 of this projecto A circuit of this 
type was constructed the nresent period and tested over the frequency 
range of 75 to 250 me/sec, 
Because of the high grid-to-plate capacity, triodes are normally unsuit-
able in line- or transformer-conoled oscill0tors canable of onerating quartz 
in tbe series mode.. However, the 11Se of two triodes in a cascade 
arra'1~e;nent overcomes t'his rlifficnl ty, anrl the combint1tion effectively 
operates as a sjn?le nentode a:::1plifier., vritr" nresently avAilah1e triodes an 
of hi. :-rher transconrlnctance anrl lower input-output ca"lR.city is gained 


































100 125 150 175 200 
FREQUENCY MC/SEC 
Figure 3. Impedance Versus Frequency of Coaxial Short. 
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100 125 150 
FREQUENCY MC/SEC 
• EES DATA lf2W. A.B. Resistor 
X E ES DATA Calibrating Resistor 
For TS·683·TSM 
C.l. Meter. 
Q SCEL DATA Calibrating Resistor 
























Figure 4. Resistance and Reactance Versus Frequency of 22 ohm Resistors. 
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• EES DATA lhW. A.B. Resistor 
X EES DATA Calibrating Resistor 
For TS-683-TSM 
C.l. Meter. 
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EES DATA !;2W. A.B. Resistor 
EES DATA Calibrating Resistor 
For TS-683· TSM 
C.l. Meter. 
SCEL DATA Calibrating Resistor 

















-60~--------._--------~--------~--------~~--------~ 75 100 125 150 175 200 
FREQUENCY MC/SEC 
Figure 6. Resistance and Reactance Versus Frequency of 150 ohm Resistors. 
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100 125 150 
FREQUENCY MC/SEC 
• GLOBAR 22 OHMS 
X ALLEN BRADLEY 68 OHMS 
a I RC-MPM 60 OHMS 
175 20C 
Figure 7. Comparison of Reactance of Three Types of Resistors. 
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Tho action of the triode cascade may bo analyzed by reference 




gm - 2 
8.. Cascod_e 1\m!Jlifior 
potential e nearly constant vri th variations in 
pl 
due to e .. 
gl 
Hmv if the 
voltage e is held constant, the current 
pl 




and, as the current of V 1 also flmvs through V 2 and Ri' the voltage e;ain of 
the cascade is annroximately gm1R.,e.o This is normally the same amplification 
obtained with a pentode 'having a transconductance of gm
1 
and a nlate load of 
Rto The voltar:e gain of v1 is determined by the load which, in the cascade 
circuit is anvroximate1y 1/gm2 and, therefore, the gr1in gm1/grr12 of v1 is unity 
if tte t 1l!:O tuhes are identicalo This is of imoortance in that a low gain 
Y!l4nimizes t.~e effective ,.,"iller innut canacity of v1 ., 
Th3 oscillatory circuit nso\i with the cascode confi;.rurat:ion is basically 
·t)'e cc::nven-tj anal line-counled cjrcni t in which two artificial CJ1 larter-Tvsve 
line sections, 1lsed as irrrr.eriance transt'crming neb•.rorks, con'l"'lle the plate 
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Althou.gh several mod] ~ications of the basic circ1.1it vYere tried, the most 
I 
I 










Ti'ip:nre 9.. Cascade Crystal Oscillator 
I. in conjunctjon with the t11be 2nct cjrcuit stray canacitR.nces, C and p p 
C ' forms the nlRte s 
forms tl--,::; 
nee -i"lverting lin3 v'h:ile L 1rrith sjmilPr strays g 
leak hiR.s for v1 Rnd are nlRced 
at the lovr imn,~d,'=1nce cmd. of' t1~e CJ.narter-1~ravG line ratJ:er tr:an di.rectly ;gt the 
srid of This the stray ca.D2city of the d leak to b~: 'J sed as a 






arc; t~:e li "1e-terr-rinating 
resistors, and T l.J 
X 
is tuned to antiresonate the cr7stal-holder caDncity C o 
0 
cl serves to block the potential from the crystal. and 
a fixed d-e Cr: hol(~S it at r.,f .. groundo L / s 
capacity to ground from the output of v1 ana 
the i:1put of V0 .. 
~ 
The circuit using two sections cf a Mallory Spiral Induc~1ner ror 
1 and L operates satis1"actorily over a frequency ranee or 6e to 255 me/sec 
p g 
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with an equivalent crystal series resistance of 100 ohms or less., The two 
sections of the Inductuner are offset one-half revolution to obtain correct 
inductances sli.ghtly above the midband frequency.. Because of the spiral 
nature of the tnner, this offset nrevents t'l-te two inductances from tracking 
correctly throughont t"he freo,Jency rAnge coveredo As V·~e eqnivalent series 
resistance is tncreP sed, tr~e activj ty of the oscillator decreases until 
osciJ.la tj on is not c cntinuous over tt-,.e entire frequency range. For example, 
vii th a serjes resist2nce of 1)0 ohns, dead snots occnrred hetv.reen 170-205 me/ 
sec Rnd betw·een 2h0-2h5 me/ sec.. In addj tion, in activity vrere evident 
Rt ot}<.er noints in the t1Jning r::r:1Ge., Some correlation w:Js noticed between 
many of these dead spots and and tr.o tracking of tLe offset inductuners, 
in die th3 n'.;;ed of a more sntisfactory t,_lning arrangement.. Honever, the 
rem:<.ining anc~ tr.rouz~hont th::3 ran;>;e appeared to be due to ot'l-ter 
causes 0 In p2rticular, tho action of Ls in e.ntiresonatj_ng tt·c inter stage 
capacity was found tc be unsatisfactory in the present model.. The output of 
the first tube v
1 
(Fizure 9) is loaded by tte cathode-to-ground capacity of 
v
2
o This reactance is approximately 130 ohms at 200 me in the case of the 
6ANIJ., This capacitive load across the l/gm
2 
input impedance of about 100 ohms 
is quite detrimental in that the gain of the circuit is rednced to a value 
considerably less than gm1R..Q... The input capacity of v2 can be antiresonated 
with a sni table indnctance, but this was fo11nd to be effective only over a 
rCJlotjvely narrow frequency ba11d in spite of the low imnedance existing at 
this no:tn-t.. T_~:ithin B frequency band 1."rhere the cr:1pnci tv was satisfactorily 
antireson::Jted, oDeration ':ms realiz.ed with equiv2lent series resistances as 
as ) ohms, An \Yas mocie to contimJc11sly tnne this indnctance 
by 1d th 1 and L , but it seems nracticable only vd.th a consj_derably 
p g 
intended nrimarily for use in a C. Io reter, the; oscillator 
indicntecl li ties fer \1 se qs a hir;h-frequency crystal oscillator., 7he 
breadboard oscillc;tor ;,yas ~ith several cry3tals at Gncj_es above 
2tO me/soc" For instance, an RCA crystal with a fundamental of 18 .. 915 me vras 
n.t its 13th overtone at a frequency of 2h6 .. 0G56 nc as on a 
G ert sc h I.' ode 1 UHF Frequency UetGro Stability Vlas found to be on the order 
of Oo3 !J}Jm/volt over a sufJnly-voltnGe range of tely 20 volts., 
-14-
Because of insufficient tina to dcs:Lr;n aad construct s·n t£wL; tracl-dng 
in favor of the two-tube C .. I .. Meter circuit, vvhich appears to satisfactorily 
meet iJ;e interin reqt'.irencn~:,s of the proposed test nni t, It is expected that 
additional work will be done on the cascade circuit later in the contract 
period especially in view of the 200-mc upper-limit frequency rc:;quirem(:;nt of 
Co Two-Sta?e J.Jine-C on'!lled Osc~~~-ator 
Both ·a breadboard and a urotot~rne mor1el of 2 t'1n~l)le, two-stage, line-
corrnled oscillator wr:;re constrnctr3r1 And tnst.ed c:nring the present renort 
period a (Tr1is confj_[;nr?tion v,r}1en usoc1 ,:'6th one tube is commonly known as t"he 
C. I 0 1JTet:3r circnit .. ) In both units oscill.~.t-i ons •v-er3 o1-ltPined. through011t 
the :nc ·with substi tntion resj stors well in 
excess of o'b .... 'I'Jls" The maximum snbstitntion resista;tce o=: hOO oh."'TI.s Tras set 
in order to utilize the third config1,r3tion descr1bed in Quarterly 
Rerort Noo 2 of this project.. This requj res operrd.ion l.'ri th a total 
S'Jries stance of tvricc the no.ximum ec:_uivalent cryntal snries 
As seen scLernatic cli.qgram in 
network" Instead, the transit-tin:e 
the two tubes in conjunction ;.vi th appropriate detuning of the three inductors 
provides tll8 necessary zero-loop shift .. 
The prototype unit was nsed to obtain the operational data shcvrr. l1ter in 
this section and is 1_)_sed in the exnerimental ,,.rork on the various brid,::::e 
arran?;<J!Ilonts nronosed in Pror-ress ReDort 1\To.. 2 of this nro.4ecto 
Altr10ugh it .is sof'13Yrhe.t 4. n "Tie•Jr cf the hi?:h 
tnbe cjrcuit, there rmneC~roc1. to be no te'1dency toward self-osci_ll:~tion over 
any portion o~ th8 ency rRn~G vrhe11 tl:.e crvste 1 or series rosistor s 
obt!"lined, hmvever, further the '1ecessity of 
1.1 lar bridge circuit used, 
-15-
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NOTE: ALL RESISTORS IN OHMS 
ALL CONDENSORS IN M!CROMICROFARADS 




Figure 10. Two-Stage Line-Coupled Oscillator. 
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The act::ivity of the oscillator, as indicate0 by the grid C 11rrent, 
11, varies 
actj_vity 
te smooth1y thro:F:hout the freqnency rangG reaching a maximum 
ne.~.r 135 T'lC a This peak is believed to be rartly CC1'U3ad by the 
tracking of the in~lC~Jners as described later., 
tube transit-time phase shift is controlled to a large extc;nt by 
the screen voltage, it would be that oscillator detnning wo11ld occur 
with variations" This was incleed evident in that correct 
relationships for crystal-controlled oscilla.tion are lost Tii th screen-voltage 
variations of greater than volts., Hm·1ever, changes on the order of 20 
volts or less e;ave satisfactory resnlts as shovm in Table II., Stability with 











S'I'ABII~ITY OF TWO-STAGE LINE-COFPLED OSCILLATOR 
Screen Potential Plate Potential Voltage Vt:tried Stability 
( (volts) (ppm/v) 
105 160-200 plate 0.,12 
180 screen 0.,3 
105 160-200 plate Oo02 
screen 0,.2 
reqnir.3mont 1'Joo 4 snecifies tl1at tbe 1evel o.f radio-
in the~ cristal ':n-' ts shc-~ll be ad at 
is soms qnest:=_on of circuit disturbances cbe to the 
Of Voltmeters 1JSOcl in porrer measurements, it is through 
cal to establish test vrhich vrill indicate that the power-
level requirements are :r1et on an "at leastn basis., 
In Figure 12, Rx represents the equivalent series resonant resistance of 
tl:e crystal, and Art represents the total admittance from point B to ground 
~'"') 
not inc~b1 the 68-ohm line terminating resistor.. Thj s adr'littance may come 
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Figure 12" Simplified Crystal Circuit for Power ~}Teasnrement 
Jn t}1n c::1se of the npner novrer requirGment of 10 rm~r, a m-inimum voltage 
from point A to ;:round cAn be determined so that 10 mvr will be dissipated in a 
given R assuming that A is zeroo 
X g It is obvious then that any actual value 
of A g other than zero wi 11 insure a dissjnation of more than 10 rmv in R v"hen X 
thJ calcnlatt3d ntin:imum point A voltar;e is observed" eqqals 10 ohms, 
minimum noint A is 2,46 volts, 'T1f1..rou?hont the ra'lg1"3 of 74 tc 
1.57 me, not loss thnn 3 o 0 vo1 ts ;·;ore observed vri th a T'ewlett ~"ackard Vacu·um 
~',rh;:3n D h70 o:1ms, t'ne minimuin point tt voltage is 2oU8 ux Tube Voltmetero 
volts, range; of 71 to 175 me, not less t!':.an 2a5 volts YTGrG 
o'bservedo 
The minimum povrer target requirement of 1., 0 :rnw vras indicated by the use 
of a calibrated Advance Phase Meter" This instrument will indicate the radio-
frequ.ency voltage difference between two terminals of a be lanced input probe o 
Bridr::e measurements on this probe indicated that the admittance between the 
two term:inals is very small compared to 400 oh1·ns a.nd that the ndmittance from 
each terminal to ground is the equivalent of about 5 llllf., 
riovv, j f a mAximum po:i.nt-A-to-noint B voltage is determ5 ned which wj_ll 
indicate a d-i ssinntion of not more than 1.,0 nwr in 2 ei ven Rx' Rnd if a vol tae:e 
to or Jess tha."l this is observed on the Advance Yeter, and if the circuit 
wil1 conti r:ue to oscillate S'Jfficiently close to the same freo,1ency with the 
meter removed, then it is ass·Ted that the nower disstp<:1ted hetvreen noints A 
Find. B of tJ;_e circni t was 
vro'.1ld i ndicn. to a nower 
less than lo 0 mrr nt least tJ:e amonnt 
of 0" 1 'IOl t aercss an 'I of 10 ohms 
X 
tion of 1.,0 Y!l.l'f" Cver the freqne!lcY ran:"e of 70 
to 200 me, the circuit satisfied t~e test 
-19-
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0 .. 02 volt indicated on the Advance Meter. A voltage of 0 .. 64 volt across an 
Rx of 390 ohms wonld indicate a power dissipation of 1 .. 0 nn~r o Over the fre-
quency rant;e of 70 to 200 me, the circuit satisfied the test req11irements 
v-ri th not more than 0 .. 5 volt indicated on the Advance Meter. 
The oscillators are constructed, utilizing a three-gang Mallory Sniral 
Indn.c tuner for the variable j nd11Ct~mces. The tubes and circni try of the nroto-
are ca1ly monnterl on tl-:e i ndnc tnner enclosure itself as shmm in 
Figure 13. 
The rrotot?-pe inchctuner was modified removing the 1ast tnrn of the 
center sniral S'3~tion.. Thj s nc,clification pro1r~ des tt-~e correct L1terstage in-
at a~?Jroximatel;r the of the 70- to 200-~c ra,~e.. No specific 
check as tc tracking q11ali ties l.,_as been made over the remaj nder of the ra'1ge, 
but the activity cnrves shov:n in ll indicate a lack of pronounced dips 
and Th.J dacroase in activity on either side of the mid-frequency "POint 
does indicate, hanover, thAt thG tracking could possibly be improved over the 
As shown , the size of the terrninatinE~ resista'1ce 1:as no effect 
on tlH3 loop of Lalanced line-coupled oscillt:1.tor.. In order to insure 
that the lnmped quarter-wave lines are terminated in as n::;ar a pure resistance 
as , a standard resistor having low reactance was needed~ A 68-orilll 
Allen Bradley l/2-watt unit exhibits a reasonably lo'N nhase over the 
vras used for the terminc.rtL:1.g resistances., 
Si •1ce the oscille1tor c!J.n be used vrith any part.icnlar bridr;e confip;ura-
tion or vri th the nrc~)St3nt snhsti b.1tion method, it was considered desirc=tble to 
ccnstruct tt~e nrotot,me mor~el in two separate nn:l ts.. C'ne unit contetins the 
osc=i 11.-::.tor vri th an :]xternal crystel socket into ':7hich either n or 
substitution resistor c~n he i~serted.. The bridge inclnding a snitable 
dotectcr may ti.,en be constrncted in 2. smr~ll self-contc:dned unit sin1ilar to a 
Edson, ::r_ A., Clary, 'N. T .. , c:tnd Hogg, tT. C., ,Jr o, Finn 1 EeDort on Con tract 
Noa W36-039-sc-36841, 
pp 210-212 (December 1950). 
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wrd c h c.-, n l:n 
exter~~l h~lance i~~ic~tor. Tho 
~1ervo flD:7 or o.ll o_~ t:~~ prusont or T':'ronosed G. 1.. r.:oters o Cne ble 
oi' this system to be ir;vo is tte effect at higher 
frequencies of tho increc..sed strays introdnced tle plug-in arr:r1goment., 
The f:'inneapolis-Hone:vvrell "Slectronik Hull Indicator" has been selected 
for nse as a bE_ lance ir-:.d:icator, and one unit is nmv on order., This particular 
null indicator was selected because of its high sensitivity and overload 
protectiona It js with self-contained power sunply, And for economic 




On 9 and 10 December l95h, Dro Gunter Guttwein and Jlr .. Dennis ?ockmerski 
of the SCEL visited the En;rineering Exneriment Station at Geor;:;ia Tech to 
observe [lncl diSC1JSS t'he technical status of this nro.iect, mhe hvo-stage 
line-connled oscillator described. in this renort was domonstr.o:1ted., 
ril o:ts 1Nere as follmvs: 
1.. At t .. b3 reqHest of the SCSL, Geor?ia Tech shall deliver as soon as 
nra.cticC~.ble a C. J. J,/Teter consistj n;s of the demonstrated circni t 
substitution resistors or the exnerimental lovr-phase-
poto;1.tiometer if the latter can be in the immediate 
futuro., This eRrly sh2ll take Drecedence over all other 
11rork in of the ,.:arch delivery in 
tl_:.o ccntr:1ct, 
2.. (1) above, effort shall be directed tovrcTd t:w development 
of lovr-pha resistors and potentiometers and the developmJnt 
of various circuits for use with this C., I .. Meter .. 
3.. It WAS pointed out by Dr .. Guttwein that the lower limit uovter dissi-
pation me~ffizrements described in section III-C of this report were 
mnde vri thont reF:ard for the relative magnitude of the oscillating 
cnrrent ~.s cormd.red to the quiescent grid cnrrent., The reset-
Rbi ]j tv reqnirem8nts of' t~e s11bsti tntion resistor method of crystal 
res4 st!'ln.ce -:'1G1snreY')ent mr:rke desirable a re1!::!tive mar:nit,Jde of at 
least two to one hetvreen oscillatory and ouiescent :-1rirl C1lrrent., 
~~"hi le t'l-'e !1ntic; nf1ted develoument of t};e bridee bc:Jlance method of 
me:~ snre:ment alleviates t,1;e req,lirement for grirl-c;'rrent considerations, 
e~:1rlv del5very of a sn.hstitntion t-v·De meter n3cessitrtes closer 
ex,?.!:1i nc<tion c:= t1 ese C1Jrrent ratios .. 
JL & It vras Also agrr;ed tbtlt, the develonment of t13 l"'inal model 
instr1.1ment, effort 170n 1·1 be directed tov:ard the j nc l'.,_sion of moans 
ODo 
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1 .. efi:'ort will be devoted to the construct:i.on and early delivery of 
the interim modol C. I., I,~eter utilizing the two-tube line-
coupled oscillator circuit and substitution resistors or low·-phase-angle 
2, Studies of VHF impedance characteristics of lmv-value resistors and the 
developr.ent of 1ow-phase-an;!le potentiometers will be continued., 
circni ts for '1St:! with C. I .. J'freters will be st11died .. 
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I. PURPOSE 
The purpose of this project is threefold: 
(a) To study and investigate methods and techniques for measuring the 
equivalent electrical parameters of quartz-crystal units in the 
frequency range 75 to 200 me/sec~ 
(b) To utilize the information obtained from the study and investiga-
tion of (a) and to design and construct an interim experimental 
model of a quartz-crystal test instrument in which the following 
characteristics shall be a target: 
(1) Frequency range~ 75 to 150 me/sec, 
(2) Operation with crystal units which have equivalent 
series-resonant resistances of 10 to 200 ohms and 
shunt capacitances not exceeding 10 ~f~ 
(3) The frequency of oscillation of the test set shall be 
within !. OoOOl per cent of the series-resonant frequency 
of the crystal under test~ 
(4) The level of r-f power dissipated in the crystal units 
shall be adjustable at least within the limits of 1.0 
and 10 mw, 
(5) The accuracy of the measurement of the equivalent series-
resonant resistance shall be ! 5 ohms or ! 10 per centp 
whichever is the greater~ 
(c) To design and construct two final-model test instruments in which 
the following additional characteristics shall be a target~ 
(1) Frequency range: 75 to 200 me/sec~ 
(2) The level of r=f power dissipated in the crystal units 
shall be adjustable at least within the limits of Oo2 
and 10 mwo 
Progress Report No. 4~ Project No. A-151 
II. ABSTRACT 
Further studies of the VHF impedance characteristics of fixed resistors 
have been made which confirm previously reported findings. Development of a 
VIW rheostat has been initiated~ and preliminary results appear promising. 
It is indicated that only a few units will be required to cover a resistance 
range of 10 to 200 ohms with an acceptably low phase angle from 75 to 200 me. 
The interim experimental model C.I. Meter called for in section I(b) of the 
project's purpose has been delivered to the SCEL, and a description of its 
construction and operating characteristics is included in this report. 
A bridge has been constructed which, in conjunction with the two-tube 
line-coupled oscillator~ indicates that the bridge system of crystal parameter 
measurement is very promising. Although this bridge circuit permits free-
running of the system at any frequency, it is shown that this is not a dis-
advantage. 
-2-
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III. EXPERIMENTAL WORK AND ClliCUIT STUDIES 
A. VHF Impedance Characteristics of Resistors 
1. Fixed Resistors 
VHF impedance measurements on fixed resistors used in substitution 
method C.I. Meters indicate acceptable phase angles within the resistance 
range of 60 to 150 ohms only. Below 60 ohms, the impedance is excessively 
inductive, and above 150 ohms, it is highly capacitive, introducing consider-
able error into crystal-frequency and equivalent-resistance measurements. 
The acceptable phase angle of impedance was established at 5.7 degrees 
in Progress Report No. 2. However, this represents a median figure only as 
the calculation referred to assumed a crystal Q of 10,000 and an effective 
crystal resistance equal to the value of the line-terminating resistors in 
the C.I. Meter circuit. Actually, the phase requirements are more stringent 
for crystal resistances less than the terminating resistance and are less 
stringent for higher values of crystal resistance. A further limitation in 
the use of fixed substitution resistors is that interpolation must be resorted 
to in most crystal measurements. Furthermore, the large number of resistors 
required to cover a reasonable range of equivalent resistance (10 to 200 ohms) 
is inconvenient .. 
Figure 1 shows representative phase-angle data taken on TS-683/TSM 
substitution resistors at the SCEL and also at the Georgia Tech Laboratories. 
While there is considerable variation between these data, the relative corre-
lation between the unsmoothed data from two different instruments used at 
Georgia Tech as compared to the SCEL data seems to lend reasonable confidence 
to Georgia Tech measurements. 
2. The VHF Rheostat 
From the preceding discussion.!) the need for a VHF rheostat is 
apparent.. While it would be unreasonable to assume that such a device could 
readily be developed with acceptable phase characteristics over the resistance 
range of 10 to 200 ohms and a frequency range of 75 to 200 me, lumped reactance 
compensation may be incorporated so that only a few units would be required to 
cover the entire resistance and/or frequency range. 
-3-
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Figure 1. Comparison of Phase-Angle Data on TS-683/TSM Substitution Resistors. 
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An experimental model of a VHF rheostat is shown in Figure 2. The basic 
design is similar to the commercial Bourns "Trimpot 11 with a nickle-sputtered-
on-glass resistance element substituted for the wire-wound element which 
Bourns, of course, never intended for VHF applications. An HC-6/U crystal 
base has been incorporated into the terminal arrangement to reduce the path 
length inductance and also to permit the unit to be plugged into the C.I. 
Meter crystal socket. 
Figure 3 shows a disassembled unit. The phosphor bronze shorting bar 
is secured to a Lucite carriage~ which is positioned by a steel-lead screw. 
The main body of the unit is made of Lucite and contains the resistance ele-
ment and the copper collector bar each of which is connected to one pin of 
the HC-6/U crystal base via short copper straps passing through the Lucite 
frame. 
Phase-angle data taken on this model VHF rheostat are shown in Figure 4. 
It is apparent that the rheostat is comparable to fixed resistors. The short-
circuit impedance of the rheostat is shown in Table I together with the 
equivalent inductance. 
75 me --
7 0 2 f?7° 
0.0153 l!h 
TABLE I 
SHORT~IRCUIT IMPEDANCE OF VHF RHEOSTAT 












Since the path length is constant irrespective of resistance setting., it 
would be reasonable to assume that the VHF rheostat may be equivalent to a 
resistance in series with a constant inductance. For resistance values less 
than about 100 ohms, this is apparently true as shown in Figure 5. Above 100 
ohms, the distributed capacity across the unit begins to affect the terminal 
impedance as in the case of fixed resistors. Figure 5 shows some theoretical 
phase=angle curves based on a constant series inductance of 0.013 p.h~ which 
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Figure 4. Phase-Angle Characteristics of VHF Rheostat and TS-683/TSM Substitution 
Resistors. 
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Figure 5. Measured and Calculated Phase Angle of VHF Rheostat. 
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J. Compensating the VHF Rheostat 
For resistance settings above approximately 70 ohms~ the VHF rheostat 
exhibits fairly acceptable phase-angle characteristicso Reactive compensation 
may therefore be concerned only with the low-resistance inductive region~ This 
may be accomplished by placing a capacitor either across the terminals (shunt 
compensation) or in series with the elements (series compensation). Since 
series compensation is mechanically less convenient than shunt compensation, 
the latter was examined firsto Figures 6, 7, 8 and 9 show the results of 
placing "dogbone11 capacitors directly across the terminal pins. It is apparent 
that reasonable compensation may be realized only for small increments of re-
sistance with any particular shunting capacitor. Furthermore, the large com-
pensation required for very low-resistance settings ,is effective only over a 
small frequency range. 
Series compensation has not yet been attempted but is included in the 
program for next quarter. It is anticipated that this method will result in 
satisfactory phase-angle characteristics over incremental frequency ranges 
for all resistance settings below 70 ohms. 
B. Developmental Colo Meter 
1. General 
On December 10~ 19549 the prototype model of a two-stage line-
coupled oscillator~ as described in Progress Report No. Ji was demonstrated to 
visiting members of the SCEL. At their request, primary effort during this 
report period was directed toward construction and early delivery of a 
substitution=type C.I. Meter. This meter consisted of the demonstrated cir-
cuit utilizing substitution resistors or potentiometers. On February 8~ 1955~ 
the requested Developmental C.I. Meter pictured in Figure 10 and shown sche~ 
matically in the Appendix was delivered with associated operating data to the 
SCEL. Two of the VHF rheostats described in section III-A-2 of this report 
were also included. 
2. Characteristics 
For equivalent crystal series resistances of 10 and 470 ohms~ the 






























Progress Report No. 4, Project No. A-151 
o' I I I VHF RHEOSTAT 
X TS-683/TSM 
~ 
SUBSTITUTION RESISTOR ~., 
• UNCOMPENSATED 
.. ~~ ~ VHF RHEOSTAT v 
/ 
) v ~ ......, ~ 
/ v· "' / .... 
--............. 
~ / I """"' / ~ 




~ v/ v 
--... 
~ v ... ~ ~ ~ 
;~ 
........... 
"""' '\ ......,IT v ~ 
'\ ~ k. _; y/ '~~ ' 
~ 
~ 
~ k ..J.. ,.._-- ~ r::: 
~ ~ .II\ 
































































"' ... , 
""' 
75 
Progress Report No. 4, ~roject No. A-151 
VHF RHEOSTAT 
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Figure 7. Characteristic Phase-Angle of VHF Rheostat with Shunt Compensation of 
5 mmfd. 
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curves shown in Figure 11~ varied smoothly throughout the frequency range and 
reached a maximum activity peak near 160 me. A comparison with the activity 
curve of the prototype two-stage line-coupled oscillatorj as shown by the 
dashed curve of Figure 11~ shows the similarity between the two unitso One 
exception of interest is the apparent shift in the activity peak from 135 me 
in the prototype to 160 me in the developmental unito This shift apparently 
extends the usable frequency range in that the activity at the higher end of 
the frequency band is increased by a relatively larger amount compared to the 
decrease in activity at the lower frequencies& This shift is perhaps due 
primarily to the difference in physical construction of the two oscillatorso 
Although essentially similar9 minor differences do exist in the components 
used and in the mounting of partso The desirability of increasing the range 
covered by a single oscillator indicates the need for further experimental 
work to determine the primary causes of this shifto 
The maximum r=f power available for dissipation in equivalent-crystal 
series resistances of 10 and 470 ohms is shown by the curves of Figure 12o 
These curves indicate the relative power in terms of the driving voltage to 
the pi network consisting of the crystal and the line-terminating resistors. 
The driving voltage necessary to dissipate 10 mw~ as determined by the "at 
least" method described in Progress Report Noo 3, is approximately 2.,5 volts 
for both the 10- and 470-ohm equivalent resistanceso This voltage is shown 
as the dashed line of Figure 12 9 and it is apparent that at least 10 mw can 
be dissipated in the crystal over the frequency range of 75 to 200 mco 
The resettability requirements of the substitution method of crystal-
resistance measurement make desirable a relative magnitude of at least 2 to 1 
between oscillatory and quiescent grid currento As this relationship becomes 
critical at the minimum power requirement9 it is shown by the dashed line on 
the power curves of Figure 13o In t.hese curvesJJ the oscillatory activity 
versus frequency for equivalent series resistances of 10 and 470 ohms is 
plotted for the minimum power requirement of 1 mwo The 1-mw minimum power 
dissipation was measured by the "at leastn method as described in Progress 
Report No. 3., As can be seen by the curves, the 2 to 1 grid-current relation~ 
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shown on the curve~ the oscillator operated with a crystal dissipation of 1 mw 
or less over the range of 160 to 200 me even though it failed to meet the twice 
quiescent grid-current criteriao This indicates that, for systems of measure-
ment other than the substitution method, the oscillator may be satisfactory 
over the entire range of 75 to 200 mco 
As of this report datej no satisfactory method has been determined to 
measure or establish the proper drive conditions for a particular power dis-
sipation in the crystal unito The desirability of measuring the drive or 
dissipation is recognized~ and it is expected that further efforts will be 
extended to solve this problemo 
A series of slug-tuned inductors mounted on HC-6/U bases were supplied 
with the Developmental C.,I., Meter for the purpose of antiresonating the 
crystal holder capacity1 C o In order to allow for future use of the de-o 
livered unit with a bridge measuring system under development, a separate 
socket for the plug-in inductors was not built into the unito Instead, a 




Several methods of adjusting the inductors to the correct value are 
available~ One method consists of adjusting the inductance for minimum grid 
current and adjusting the frequency of the oscillator for maximum grid cur-
rento This method appeared unsatisfactory in many cases in that only a small 
change in gTid current was evident when C
0 
was correctly antiresonated., A 
second method that appeared more satisfactory is described in detail., An in-
ductor covering a frequency band which includes the frequency of the crystal 
under test is selectedo Both the inductor and the crystal are inserted into 
the crystal socket of the Colo Meter by using the double socket providedo The 
oscillator is tuned through a peak grid-current reading at the crystal-resonant 
frequency and a dip at the C -inductor antiresonant frequencyo Since C may 
0 0 
vary between crystals, it may be necessary to select the next higher or lower 
inductor in order to bring the antiresonant dip near enough to the peak of 
crystal resonance to be within the range of the tuning slug., The inductor is 
then tuned to center the grid-current dip about the crystal-resonant peako 
C is now antiresonated within the allowable error if the grid current dips to 
0 
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an equal value on each side of crystal resonance. The relationship between 
these resonant points and the grid current is shown in Figure 14. The dashed 
curve is the activity curve or grid-current indication as the oscillator fre-
quency is tuned through the peak of crystal resonance with C not antiresonated. 
0 
The heavy curve follows the grid-current path when C is adequately antireso-
o 
nated as indicated by the dip to equal values on each side of crystal resonance. 
The light lines trace the grid-current path that would occur if either the 
crystal impedance or the antiresonating impedance could occur independently. 
The current dips on each side of resonance may be slewed slightly in the 
direction of the activity curve slope for greater accuracyo However, the 
broadness of the antiresonant dip~ due to the shunting action of the equivalent-
crystal series resistance~ makes this unnecessary within the desired accuracy 
requirementso The point of correct adjustment may be checked by comparing the 
crystal frequency at series resonance with the frequency at minimum impedance. 






Activity Curve with C Antiresonated 
0 
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3. Undesirable Features 
In the Developmental C.I. Meter, the grid-current meter was placed in 
the grid return of the second tube. Because of necessary detuning for proper 
phase shift in the oscillatory loop, the maximum drive to the first tube does 
not necessarily produce maximum drive to the second tube. As a result, the 
meter reading when peaked does not indicate the minimum impedance operating 
point of the crystal. Since this operating point may be of importance under 
certain conditions, an attempt was made to place the meter in the grid of the 
first tube where a peak reading would indicate maximum drive or minimum crys-
tal impedanceo A qualitative analysis of the oscillator with this change may 
be made by disregarding the phase-shift relations which are correctly deter-
mined by the tube transient time and detuning of the various inductances. The 
oscillator basically consists of a class A amplifier, fed from the crystal, 
driving a class C amplifier which in turn drives the crystal, thereby com-
pleting the oscillatory loop. The class A amplifier simply overcomes the 
additional loop attenuation due to high-resistance crystals and high-frequency 
circuit losses. In order to place the grid-current meter in the first tube, 
this stage must operate class C rather than class A. This allows the second 
tube.to operate either class Cor class A. If the second tube remains as a 
class C amplifier, the circuit tends to squeg or block at a low-frequency rate. 
The reason for this effect is readily indicated by rearranging the circuit in 
a form which is essentially that of the common astable multivibrator. Although 
adjusting the various time constants may prevent this multivibrator action, it 
appears impractical to do so and still meet the frequency and power requirements 
desired. 
If the second tube is made class A, the gain of the first tube must be ad-
justed to prevent overdriving this stage. Under these conditions, the desired · 
maximum drive to the crystal could not be obtained. From a practical view-
point~ it would therefore be unwieldy to assure that no clipping or saturation 
occurred in the second tube within the 10- to 200-ohm range of equivalent-
crystal resistance. 
From these considerations, it seems apparent that the desirability of 
measuring the grid current of the first tube is more than offset by the 
-22-
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difficulties involved in constructing a practical C.I. Meter meeting the desired 
maximum and minimum requirements. For this reason~ the grid-current meter was 
returned to the grid of the second stageo 
In the Developmental Coio Meter~ a number of available test crystals, 
when operated at frequencies of 140 me and up~ appeared to control the circuit 
in the manner of a locked oscillator as opposed to absolute crystal control. 
This condition may be ascertained by the hysteresis effect observed in the grid-
current reading as the oscillator is tuned through crystal resonance from one 
direction and then from the opposite directiono This condition occurs with C 
• 0 
apparently correctly antiresonatedo Because of the limited data availablej no 
attempt has been made to compare the parameters and environment of such crystals 
with those that exhibit smooth crystal control. One apparent correlation has 
been noticed which indicates that the degree of locking decreases with de-
creased drive~ and at very low drives some crystals appear to operate normally. 
Other authors have reported this effect under high drive or regeneration$ but 
it appears that this is not a complete explanationo1 Since lock~in may or may 
not take place when the crystal is reinserted in a substitution measurement 
procedure9 the difficulties due to this phenomenon are readily seeno 
4o Construction Details 
With the exception of the related power and control circuits~ the 
circuitry and components of the Developmental Coio Meter are physically mounted 
on the modified inductuner enclosure itself as shown in Figure 15o In order 
to minimize ground-lead r=f currents~ the center posts of the tube sockets 
are connected directly to the inductuner ground plane~ and these two points are 
used as central ground points where possible. The successful operation of the 
two=stage line-coupled oscillator with its high gain is dependent to a large 
extent upon the physical arrangement of the components as shown in Figures 16 
and l7o This arrangement permits extremely short leads and proper shielding 
or isolation of the various sections of the circuito Small disc ceramic 
lo Wolfskill 9 Jo Moj et al.~ "Development of Harmonic Mode Crystals~" Final 
Report on Third Modified Contract~ Contract Noo W 36~039-80=32136~ Department 
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Figure 15. Interior View of Developmental C. I. Meter. 
Progress Report No. 4, Project No. A-151 
Figure 16. Top View of Developmental C. I. Meter Construction Details. 
Figure 17. Bottom View of Developmental C.I. Meter Construction Details. 
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capacitors were connected directly from the tube-socket terminals to the center= 
post ground point for bypass purposeso nnogbonett ceramic capacitors were found 
to be unsatisfactory for this purpose because of resonant effects but were used 
at other points because of the unavailability of certain value disc capacitorso 
All power and control leads are bypassed at the inductuner enclosure with 
ceramic feed-through capacitors$ which serve as mounts for the various de-
coupling resistors and chokeso 
The power supply converts the 115-volt aoCo to the required doCo plate 
and screen voltages through the use of a self-contained transformer-rectifier 
unl.to These doCo voltages are regulated by two V-R tubeso An external con-
trol is provided £or adjustment of the screen voltage as a method of control-
ling the drive or power dissipated in the crystalo The frequency of the 
oscillator is varied by tuning the inductuner tt~ough a suitable gear re-
duction to provide the necessary vernier adjustmento A sensitive doco meter 
is provided~ with a variable shunt, in order to indicate relative activity at 
high as well as at low driveso A coaxial jack provides a sample of the r~f 
energy for frequency=measuring purposeso The entire unit is encased in a steel 
cabinet for shielding as well as protective purposeso 
Co The Bridge~Type Colo Meter 
lo Disadvantage of Bridge Noo 3 
Additional experimental work on the proposed bridge circuit for 
the Colo Meter indicates a major difficulty at higher frequencies due to the 
stray capacitive currents through the unbalanced branches of the bridgeo This 
particular bridge is shown as Figure 18 and was designated as bridge Noo 3 in 
Progress Report Noo 2o 
From the voltage=divider action~ 
Substituting Za for Zb and equating gives 














Figure 18o Bridge Noo 3o 
zl = crystal impedance 
1.. 
'T 
za = zb = impedance from points a and b to ground due to strays 
ei = input voltage 
ea' ~ = voltage drop across Za and Zb respectively 
z3 = z4 = bridge reference arms 
z1 = z2 = (ReXC )/(Re + XC ) at balance 
0 0 
M = balance indicator 
Therefore 5 ea = eb only when z1 = z3 o z3 will seldom be equal to z1 and would 
normally be much larger to prevent the oscillator from free running through 
the Z39 z4 brancho These stray capacitive currents prevent the bridge from 
being in true balance although balance is indicated by the zero or null read= 
ing of the balance indicatoro Since it is impractical to construct physically 
a bridge that would eliminate the stray reactances Za and Zb at the frequencies 
of interest~ work on bridge Noo 3 has been discontinuedo 
-27-
Progress Report Noo 4, Project Noo A-151 
2o The Free~unning Bridge Circuit 
An experimental high frequency model of bridge No. 1 described in 
Progress Report No. 2 has been constructed. In this bridge configurationJ the 
stray leakage reactance does not adversely effect the unbalance since the arms 
z1 and z3 are equalo The fact that this configuration permits the oscillator 
to free run through the z3~ z4 branch does not detract from the desirable 
features of the bridge measuring system. 
A VHF bridge with an external signal generator can be used in a passj~e 
crystal-impedance measuring system provided the stability of the signal source 
is as good as that of the crystal under test. This fact provides another view-
point on the requirements of an active or self-controlled Colo Meter. An 
oscillator~ such as the Developmental C.I. Meter, which includes a bridge in 
the feedback path may be considered as an external signal source feeding the 
bridge. When tuned to the crystal frequency, this source is stabilized by 
that part of the feedback path which includes the crystal. The requirement 
that the system not oscillate except under crystal control is no more valid in 
this case than a requirement in a passive system that the signal generator stop 
oscillating on either side of the crystal frequency. Therefore~ the existence 
of the feedback path through the bridge which does not include the crystal is 
not necessarily a disadvantage. Furthermore~ a system based on this viewpoint 
eliminates the necessity of antiresonating C to prevent oscillation at fre~ 
0 
quencies other than at resonance. Assured operation of test crystals at series 
resonance would require C to be balanced with an equivalent capacity across 
0 
the variable resistor of the bridgeo A practical device using this system 
would eliminate a tedious antiresonating step requiring a number of plug-in 
variable inductors whose frequency range would depend entirely upon the C of 
0 
the particular crystal under test. 
From the group of crystals furnished Georgia Techy having resonant fre-
quency and equivalent series resistance which were measured at the SCEL, only 
four units fall within the frequency range of the Developmental C.l. Meter and 
could be used for comparative data. The measurements taken on these units 
have indicated that a satisfactory correlation exists between data taken using 
the high~frequency model of bridge configuration No. 1 and that taken by the 
Progress Report Noo 4, Project Noo A-151 
substitution method of measuremento In the frequency range of 75 to 200 me, 
definite comparisons are considered inconclusive as they are necessarily re-
lated to the phase angle of the substitution resistor and that of the bridge 
rheostat as discussed in Section III-A of this reporto However, a limited 
amount of data has been taken using the bridge in conjunction with the TS-683 
Colo Meter at 100 me and belowo For each crystal checked, the resonant fre-
quency was within OoOOl per cent and the equivalent series resistance within 
! 10 per cent or 5 ohms of that measured by the SCEL using fixed substitution 
resistorso 
The present development of the bridge and the oscillatory circuit of the 
proposed Colo Meter requires a survey of possible methods of determining the 
accuracy of this combination at the higher frequencies and with larger equiva-
lent resistanceso It is expected that this problem will be of major concern 
during the next report periodo 
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IV. CONFERENCE 
On 8 February 1955, Mr. W. B. wrigley and Mr. D. W. Robertson of the 
Georgia Tech Laboratories visited the SCEL for the purpose of delivering and 
demonstrating the interim model Co!. Meter required in phase (b) of this 
program. 
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V. PROGRAM FOR NEXT QUARTER 
1. Series compensation of the VHF rheostat will be thoroughly explored 
during the next quarter~ It should be possible after completing this work to 
select and produce samples of the minimum number of units required to meet C.I. 
Meter requirements. 
2. The bridge system of crystal parameter measurement will be further 
studied. Principal effort will be directed toward determining the limiting 
phase-angle requirements of variable components. Full capabilities and limi-
tations of the bridge system will be sought. 
Approved: 
J. E. Boyd~ Head 
Physics Division 
Paul K. Calaway, Actingj'Dir~c-tor" 
Engineering Experiment Station 
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Project Director 
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Io PURPOSE 
The purpose of this project is threefold: 
(a) To study and investigate methods and techniques for measuring the 
equivalent electrical parameters of quartz-crystal units in the 
frequency range 75 to 200 me/sec, 
(b) To utilize the information obtained from the study and investiga-
tion of (a) and to design and construct an interim experimental 
model of a quartz-crystal test instrument in which the following 
characteristics shall be a target: 
(1) Frequency range~ 75 to 150 me/sec, 
(2) Operation with crystal units which have equivalent series-
resonant resistances of 10 to 200 ohms and shunt capacitances 
not exceeding 10 mmfd, 
(3) The frequency of oscillation of the test set shall be within 
+ 0.001 per cent of the series-resonant frequency of the 
crystal under test, 
(4) The level of r-f power dissipated in the crystal units shall 
be adjustable at least within the limits of 1.0 and 10 mw, 
and 
(5) The accuracy of the measurement of the equivalent series-
resonant resistance shall be ! 5 ohms or ! 10 per cent, 
whichever is the greater. 
(c) To design and construct two final~odel test instruments in which 
the following additional characteristics shall be a target: 
(1) Frequency range: 75 to 200 me/sec and 
(2) The level of r-f power dissipated in the crystal units shall 
be adjustable at least within the limits of 0.2 and 10 mw. 
-1-
Progress Report No~ 5, Project Noo A-151 
IIo ABSTRACT 
The major experimental work on the VHF rheostat has been completed, and 
the series-compensated units have been selected as having the most desirable 
characteristicso Several units cover the 75 to 200 me and 10 to 200 ohm 
ranges with a satisfactory phase angleo 
Preliminary studies have been made to determine the effect of drive on 
the parameters of high-frequency overtone crystalso The frequency and R e 
deviations experienced make evident the necessity of specifying the drive 
or power dissipation in the proposed high-frequency Coio Meter. 
The significance of the total capacity, including C , in shunt with the 
0 
crystal is consideredo It is apparent that for meaningful results at the 
higher frequencies, the motional arm resistance rather than the equivalent 
resonance resistance should be measuredo 
Practical operation of the proposed bridge measuring system appears to 
be limited to frequencies below 150 mco The lumped-element construction is 
considered to be the primary cause of this restrictiono A coaxial arrange-
ment is presented as a possible method of overcoming these inherent limita-
tionsc It is shown that bridge Noo 1 should be capable of revealing all the 
assumed equivalent electrical parameters of overtone crystals. 
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IIIo EXPERIMENTAL WORK AND CffiCUIT STUDIES 
Ao Series-Compensated VHF Rheostat 
Shunt compensation of the VHF rheostat and its limitations were discussed 
in Progress Report Noo 4~ the most serious limitation being the difficulty of 
compensating resistance values below 40 ohmso Compensation appeared imprac-
tical because several units would be required in the frequency range of 75 to 
200 me/sec for a specific resistance rangeo Furthermore, as the resistance 
values are decreased, the resistance range over which compensation is effec-
tive is also decreasedo It was indicated that these difficulties may be 
overcome by series-compensated units, which would be used over incremental 
frequency ranges for resistance values from 10 to 100 ohmso 
Several series-compensated units have been constructed and tested. 
Figures 1 and 2 show the method of placing the capacitor in series with the 
elementso A lead is brought out the side of the holder to facilitate d-e 
measurementso Presently six rheostats are required for the frequency range 
of 75 to 200 me/sec with a phase-angle limitation of ! 10 degreeso Five 
rheostats are compensated for the resistance range of 20 to 100 ohms, each 
covering a frequency increment of 25 mc/seco The sixth unit is uncompensated 
and is used over the frequency range of 75 to 200 me/sec for resistance values 
from 100 to 250 ohmso 
Representative curves of phase-angle data are shown in Figure 3. These 
cnrves indicate satisfactory phase angles for resistance values as low as 20 
ohmso In the event compensated resistance values below 20 ohms or less than 
: 10 degrees are required, it would be necessary to reduce the frequency incre-
ments which would increase the number of rheostats required. 
Basically the rheostats developed on this project are experimental models. 
Because of limited plant facilities, no attempt has been made to construct a 
production prototypeo The units have been developed to illustrate the prin-
ciple and a possible method of construction. They are to be used as substi-
tution elements in present Colo Meters and in further developmental work on 


























Figure 2. Disassembled Series Compensated VHF Rheostat. 
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B& Drive Characteristics of VHF Overtone Crystals 
Although it is well known that the magnitude of drive to a crystal unit 
effects a change in the various parameters, insufficient data are available 
to determine the exact relationships that existo Some qualitative factors 
are known about the frequency and equivalent resistance deviations as a 
function of driveo Generally, the frequency and resistance of fundamental 
units increase with increased drive although exceptions are not uncommono 
Botto~ has indicated that this change is largely due to the stress created 
by the temperature gradient existing between the outer edge of the crystal 
plate and the heat dissipating center portion rather than by the temperature 
increase itselfo Although individual units may deviate widely, the charac-
teristics are usually similar enough to establish easily reproduced stan-
dards of drive for the fundamental and lower overtone unitso However, initial 
experimental investigations of available VHF overtone crystals indicated a 
large,inconsistent9 frequency deviation with driveo Similarly, a change in 
the crystal equivalent resistance was evident~ but in view of the rather 
broad allowable tolerances, this was not considered to be of as great con-
cern as the change in frequencyo Figures 4 and 5 show sample curves illus-
trating the frequency deviation versus screen grid voltage or relative drive 
as measured in the TS-683/TSM Colo Metero Each figure shows the frequency 
change experienced by crystals taken from a group having approximately the 
same overtone frequency and equivalent resistanceo Each curve is normalized 
to the same base frequency by extrapolation as indicated by the dotted lines. 
If for higher frequency crystals the large frequency-drive deviations 
illustrated by the curves are typicalj then it is evident that any satis-
factory device for checking the equivalent electrical parameters must in-
clude a method of determining the power dissipationo 
Because of the loading of the measuring device, the present procedure 
for measuring and setting the drive for a particular power dissipation is 
-7-
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unsatisfactory at higher frequencieso This method at these frequencies 
suffices only as a common reference between similar units which operate the 
crystal unit in identical environmentso It would therefore be desirable to 
develop a method of measurement that would be independent of crystal environ-
ment in order that proper drive conditions can be obtained between Colo Meters 
or oscillators of different typeso Present plans are to expend considerable 
effort toward the solution of this problem in the immediate futureo 
Co Developmental Coio Meter 
lo Construction Error 
Through an error in construction both the prototype and the deliv-
ered developmental Coio Meters contained 680-ohm-line terminating resistorso 
Since the r-f voltage driving the crystal was measured on these units and 
the power calculations were made for 68-ohm terminating resistors, the power 
dissipation extremes given in Progress Reports Noso 3 and h are in erroro A 
rough check indicates that a maximum power limit of 8 milliwatts for R = 220 . e 
ohms and 9 milliwatts for R = 10 ohms may be met in the existing unit with e 
the correct termination of 68 ohmso Additional investigation of the tracking 
properties show that a worthwhile increase in these limits may be obtained 
with better tracking of the three tunable elementso 
2o Comparative Re Measurements 
A prelimina~y investigation of the two-tube developmental Coi. Meter 
indicates the presence of harmonic frequency componentso The existence of 
any harmonic or distortion components would, when passed through the resis~ 
tor of a substitution type Colo Meter, require a resistance larger than the 
true R to give the same grid=current reading obtained with a given crystal e 
at resonanceo 
The harmonic content was originally suspected as causing the R mea-
e 
sured in the developmental Colo Meter to be 10 to 20 per cent higher than 
that obtained with the TS-683/TSMo However, a qualitative check of the 
TS-683/TSM reveals that it also contains harmonic components of approxi-
mately the same order of magnitudeo Although this is of some concern, a 
-10-
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different factor is believed to be the primary cause of the difference ob-
tained when the two units are used to measure R on a substitution basiso 
e 
Due to the physical construction of the two units, it is evident that 
the internal stray capacity Co existing across the crystal socket in the de-
1 
velopmental Coio Meter is not the same as that in the TS-683/TSMo The effect 
of c1 on the measured resistance may be readily seen by reference to the ad-
mittance circle shown as Figure 6o Assuming the conventional representation 
of a quartz crystal as a series R1 11 c1 circuit in shunt with CT, where CT 
is the sum of the crystal capacity C and the internal circuit capacity C., 
0 1 
then the admittance~versus-frequency plot results in a circle having the 
radius of 1/2~ with its center on the real axis l/2R1 units from the origino 
If the circle is shifted upward by the susceptance of the shunt capacity CT, 
the admittance of the crystal unit as a whole is obtainedo Since the Q of 
the series branch is high in the average crystalj the susceptance of the shunt 
capacity may be considered constant over the frequency range of interesto 
The circle of Figure 6 is drawn for a typical overtone crystal operating at 
120 me with an ~ of 50 ohms and a total CT of 10 mmfdo Graphically it is 
shown, that a change of only 1 mmfd in CT will shift the circle to produce an 
equivalent resistance change of 4 ohmso It is obvious, due to the proximity 
of the real axis to the circle edgej that a further increase in CT will 
cause a still larger increase in the equivalent resistanceo The admittance 
diagram also indicates the increased detrimental effect due to CT that will 
occur in crystals of higher frequency and resistanceo 
The significance of CT at frequencies above 75 me has been evaluated 
by several authors and it is generally concluded that meaningful results are 
obtained only when the equivalent resistance of the motional arm R1 is mea-
suredo* Since both the TS-683/TSM and the developmental unit measure R 
e 
iE~s~n~ ;o Ao, Clary, Wo To, and Hogg, Jo Co, High Frequency Crystal-
Controlled Oscillator Circuitsi Final Report~ Contract Noo W-36-039-sc-36841, 
Georgia Institute of Technology, December 1950, ppo 12-16G 
of Piezo-Electric Crystals, Tele-
Wolfskill, Jo Mo~ et alo, Develo~ent of Harmonic Mode Crystals, Interim 
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rather than R1 when CT is not antiresonated and since the internal capacity 
is different in the two units, neither gives the proper or desired results! 
It is for this reason that the developmental unit was provided with anti-
resonating inductances to allow measurement of ~ rather than Reo The bridge 
method presently under development and described in this and previous reports 
has as one of its desirable features the property of measuring R
1 
directlyo 
Do Bridge-Type Colo Meter 
lo Limitations 
The experimental high-frequency model of bridge Noo 1 is shown 
schematically in Figure 7 and is pictured in Figures 8 and 9o The bridge was 
Figure ?o Bridge Noo 1 Schematic 
*Bottom, Vo Eo, et alo, Research Investi ations on Fundamental and Overtone 
Crystals, Third~uarterly Progress eport, Contract Noo 
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checked experimentally to gain information as to its possible limitations 
when used to measure high-frequency overtone crystals with large equivalent 
resistanceso In its present form the practical operation of the bridge 
appears to be limited to frequencies below 150 me. The physical layout and 
construction apparently imposes the fundamental limitation. The short lead 
lengths necessary to eliminate stray reactances require placement of the 
elements in such close proximity that the cross coupling between elements 
and between the oscillator and the null detector greatJy impairs the accu-
racyo Adequate shielding eliminates this problem to some degree, but the 
charging currents due to the added capacity to ground greatly reduce the 
sensitivity and sharpness of the null balancec The stray reactances asso-
ciated with unsymmetrical construction or unequal bridge arms cause false 
balance indicationso For these reasons lumped element bridges in general 
are conceded to be unsatisfactory above 150 me. 
In an attempt to overcome some of these limitations, an experimental 
coaxial bridge or comparator has been constructedo The unit shown in Figure 
10 utilizes two matched directional couplers, which sample a portion of the 
current flowing through each lege These two currents are detected by a ger-
manium diode, and the resultant voltage, which is proportional to the vector 
difference of the two line currents, is fed to a sensitive null indicatoro 
As yet no conclusive results have been obtained with this particular device, 
but this or a similar hybrid arrangement may provide the most satisfactory 
method of overcoming the frequency limitations of the lumped-element bridge. 
In addition to providing a method of measuring crystal parameters, the 
bridge as described in Progress Report No. 4 may be considered as supplying 
a stabilizing feedback signal near crystal resonance in a suitable oscil-
lator. At frequencies above 150 me this arrangement in its present form be-
comes unsatisfactoryo The signal passing through the crystal becomes such 
a small portion of the total feedback signal that satisfactory stabilization 
is not obtainedo As the frequency is increased, the reactance of the feed-
back paths, due to C , C., and its associated balancing capacitor, C , be-
o 1 v 
come lower. This in effect decreases the proportional amount of crystal-
controlled feedback. A method now under consideration of reducing the effect 
-16-
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of C is to use the proposed bridge in combination with the arrangement used 
0 
in capacitance bridge oscillators~ Essentially this arrangement feeds an 
equal signal, shifted 180 degrees in phase and passed through a capacitor 
equal to C , around the crystal path thereby counteracting that portion of 
0 
the feedback due to C aloneo The major disadvantage of this method would 
0 
be the increased effect of stray reactances when used at higher frequencies. 
2o Capabilities 
Bridge Noe 1 shown in Figures 7, 8 and 9 should be capable of re-
vealing all the assumed equivalent electrical parameters of an active quartz 
crystal and holder as depicted in Figure 11. 
Figure lle Equivalent Electrical Circuit of Overtone Crystal. 
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Let ro = series resonant frequency 
0 
Substituting (1) and (2) in (3) and reciprocating, 
~ + j~~(: -:o) 
z e = _l ___ oiJ_T_R_l_Q_i~.:-o ___ o=-o~0-+-jctC_0_ • 
Rationalizing (4) the real part, 
and letting the imaginary part equal zero, 
Solving (6) for Q
1 
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For the admittance circle of Figure 6 to cross the real axis per equation (6) 
For tangency of the circle to the real axis 
and substituting (9) in (?), 
1 
C&)C_R = - , r-1 2 





The preceding discussion suggests the following proceedure for utilizing 
the bridge in a Colo Metero 
lo With Rv and the crystal removed from the bridge, and c1 set close to 
minimum, balance at a frequency approximately equal to ~ , with C as the 
0 v 
variableo 
2o Place the crystal in the bridge and at the same frequency, adjacent 
to ~ such that the admittance of the motional arm is insignificant compared 
0 
to that of CT, rebalance the bridge with C o Then ~C equals C • v v 0 
3o With R placed in the circuit, rebalance, with R and frequency as v v 
variables, which yields~, and R equal to ELo 
0 v -'l 
4. Set R equal to 2R1 and rebalance with C .. and frequency as variables. v 1 




(1) 0 tJ) 
-20-
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from which we get 11 and c1 since 
(2) 
We have now determined~' L1, c1 and 00 , as well as ~0 and Q1• 
-21-
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IV. PROGRAM FOR NEXT QUARTF.Jt 
Work during the next quarter will be a continuation of that reported 
in the preceding pages with emphasis on the following objectives: 
lo Final design and delivery of a lumped-element bridge for use below 
150 me in existing and developmental C.I. Meters. 
2o Construction and delivery of a complete set of series-compensated 
VHF rheostats meeting C.I. Meter requirements. 
3o Continuation of studies of VHF overtone crystals as related to drive 
conditions with particular emphasis on frequency and resistance deviations. 
4. Investigation of methods for measurement of absolute crystal dissi-
pation and study of possible simplified systems with relative indications for 
use in a final model C.I. Meter. 
Approved: 
J. E. Boyd, Mead 
Physics Division 
Paul K: -Cala~~~ n.J../ctlfrfOV (/ 
Engineering Experim~t Station 
Respectfully submitted: 
William B. Wrigley " 
Project Director 
Douglcta w. Robertson 
Research Engineer 
Thomas R. Scott, Jr. 
Assistant Research Engineer 
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V. CONFERENCE 
Mr. William Bo Wrigley attended a conference at SCEL on May 24, 1955o 
The technical status of this project and possible future courses of action 
were discussedo Two sample models of the series-compensated VHF rheostat 
were delivered and arrangements were made to obtain an additional group of 
crystal units for test purposeso The immediate objectives as outlined 
under "Program for Next Quarter" were agreed upono 
-23-
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VIa PUBLICATIONS 
A paper, "Methods of Measuring the Equivalent Electrical Parameters 
of Quartz Crystals," was presented by Mro William B. Wrigley at the Ninth 
Annual Frequency Control Symposium held in Asbury Park, New Jersey, May 
26~ 1955o 
-24-
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VII.. PERSONl\fEL 
The key technical personnel and the time contributed by each during this 
report period are: 
William B. Wrigley Project Director One-Third Time 
Douglas W. Robertson Research Engineer Full Time 
Thomas R. Scott, Jr. Assistant Research Full Time 
Engineer 
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I. PURPOSE 
The purpose of this project is threefold: 
1. To study and investigate methods and techniques for measuring the 
equivalent electrical parameters of quartz-crystal units in the 
frequency range 75 to 200 me/sec, 
2. To utilize the information obtained from the study and investiga~ 
tion of (1) and to design and construct an interim experimental 
model of a quartz-crystal test instrument in which the following 
characteristics shall be a targetg 
a. Frequency range: 75 to 150 me/sec, 
bo Operation with crystal units which have equivalent series-
resonant resistances of 10 to 200 ohms and shunt capaci-
tances not exceeding 10 mmfd, 
Co The frequency of oscillation of the test set shall be within 
tOoOOl per cent of the series-resonant frequency of the 
crystal under test, 
do The level of r-f power dissipated in the crystal units shall 
be adjustable at least within the limits of loO and 10 rnw, and 
eo The accuracy of the measurement of the equivalent series-
resonant resistance shall be ±5 ohma or ±10 per cent, which-
ever is the greater9 
3. To design and construct two final-model test instruments in which 
the following additional characteristics shall be a target: 
a. Frequenc.y rangeg 75 to 200 me/sec and 
bo The level of r-f power dissipated in the crystal units shall 
be adjustable at least within the limits of 0.2 and 10 mw. 
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II. ABSTRACT 
Several sets of VHF rheostats have been constructed. Operational 
tests have been performed in which several difficulties have been encoun-
tered~ Among these are corrosion of the nickel resistance film and erratic 
operation. Metals of the platinum family are undergoing tests as possible 
substitutes for nickel. The wiper arm has been modified to achieve smoother 
operatione 
An analysis of a practical method for determining all the equivalent 
electrical parameters of an active quartz cr.ystal utilizing the proposed 
bridge arrangement is presentedo A simplified method for obtaining the Q 
of the motional arm is discussed, and an approximate equation for this term 
is proved valid. 
An experimental plug-in model of the proposed bridge has been construc-
ted and is presently undergoing tests. This bridge, when used in the 
TS-683/TSM, yields values of resistance and frequency which compare favor-
ably with those obtained by the substitution methodo Satisfactory quali-
tative results have been obtained in the Two-Tube Developmental C.I. Meter 
at frequencies as high as 182 me/sec and with equivalent series resistances 
as high as 190 ohms. 
Further investigation of the Two-Tube Developmental C.I. Meter indi-
cates that the harmonic content present is of such magnitude as to cause 
a perceptible error in bridge as well as substitution measurements. The 
third harmonic component appears to be the primary suspect, but additional 
tests are necessar.y for a satisfactory evaluation. 
-2-
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III. CONFERENCES 
On 6 and 7 July 1955, Mro D. L. Hammond of the SCEL visited the 
Engineering Experiment Station at Georgia Tech in connection with Project 
Noo A-226, Contract Noo DA-36-039-sc-64613 and a brief discussion of the 
technical status of this project was includedo 
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IV o- EXPERIMENTAL WORK AND CIRCUIT STUDIES 
Ao Series-Compensated VHF Rheostat 
Construction has been completed on several sets of VHF rheostatso 
Performance tests on several units have been unsatisfacto~ because of de-
terioration of the nickel resistance filmo On several units~ corrosion 
from the edge of the glass appeared to proceed along the glass base-film 
interface. The cause of this phenomenon is unknown but may be caused by the 
presence of absorbed gases at the interface or by some contamination intro-
duced during the sputtering processo On some units, the corrosion appeared 
to start at the edge of the resistance film adjacent to the pickup baro In 
the space between the pickup bar and the resistance element~ the cement, 
used to attach the elements to the holder, may be the substance that initi-
ates film deteriorationo 
Metals of the platinum family, which are less sensitive to corrosion, 
are being considered as substitutes for nickelo Osmium, a member of this 
family, is extremely hard and appears to be ver,y adherent to glasso Several 
rheostats utilizing this metal have been constructed and are presently under= 
going testso 
In addition to difficulties encountered with deterioration of the 
nickel film, several units were found to be erratic in operationo Appar-
ently, this condition was largely caused by the rigidity of the wiper arm 
and the imperfections in the surface of the glasso Improvements have been 
realized by modification of the wiper armo This was accomplished by slot-
ting each finger of the wiper arm, thus making a more flexible unit which 
more easily follows small imperfections in the surfaces of the resistance 
element and pickup baro Several resistance elements using etched glass as 
the base for the film are undergoing testso The use of etched glass is 
expected to overcome the difficulty encountered with surface imperfections 
of smooth glasso The surface of the etched glass is very abrasivei how= 
ever~ especially after deposition of extremely hard filmso This may neces-
sitate plating the contact surfaces of the wiper arm with a suitable hard 
metal to resist wearo 
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Neither the rheostats using osmium films on smooth glass or the units 
with osmium on etched glass have been in operation a sufficient time to de= 
termine the usefulness of this metal as a suitable resistance materialo 
These considerations are secondary to the development of the proto= 
type VHF rheostatso They have been undertaken only to assure consistent 
operation during the experimental phases of this projecto 
Bo Colo Meter Bridge 
lo Analysis 
Progress Report Noo 5~ section III-D-2 9 pages 18 through 21 of 
this project~ presented a method for determining all the equivalent elec= 
trical parameters of an active quartz cr.ystal through use of a proposed 
bridge arrangemento For convenience~ a schematic diagram of the bridge and 
the development of the method through equation 9 from Progress Report Noo 5 
are reprcduced as the first portion of the appendix to this report~ and 
corrections of several typographical errors are madeo The remainder of the 
appendix contains a summation of a revised procedure as explained in the 
following discussiono 
The quantity Q1 obtained in the original method was determined for 
the condition of tangency between the equivalent=circuit=admittance circle 
and the real axiso This was accomplished by balancing the bridge as des= 
cribed in procedural step 4o The large Co necessary to effect proper bal= 
~ 
ance appears undesirable in a practical systemo For example~ a crystal 
having a series=resonant frequency oo of 75 me/sec, an equivalent series re= 
0 
sistance ~ of 15 ohms and a C
0 
of 10 mmfd is assumedo The OT required for 
balance at tangency would~ from equation 9~ be 70o5 mmfdo Since 
CT ~ C +C.~ this would require a C. of approximately 60 mmfd for balanceo 
0 ~ 1 
A capacity of this size would provide a low=impedance shunt feedback path 
around the crystal and seriously degrade the crystal stabilization of the com-
panion oscillatoro In addition~ variable capacitors are not easily con-
structed which are consistent with the minimum capacity and physical=size 
requirements and which also exhibit a maximum capacity of this magnitudeo 
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The quantity Q1 may also be uniquely determined from the known factors 
and the frequency at a~ point on the admittance circle in addition to that 
of tangencyo This fact suggests an alternate method for practical~ de-
termining Q1 o At the completion of procedural step 3, Report Noo 5, the 
bridge is balanced for series resonance, CT is neutralized by Cv and the quan-
tities 
000 
and ~ have been determinedo For the admittance circle to cross 
the real axis at points other than those of the series resonance and tan-
gency cases, equation 8a becomes 
(1) 
where C may be any portion of CT that is not neutralized by C o Now any 
q v 
change in CT of Cq from the balanced condition of step 3 requires rebal-
ance of the bridge and determines a new frequency ooqo Substituting this 
frequency, cq, ~~ and 000 in 7a gives 
The change Cq may be accomplished in several ways in the proposed 
bridgeo The value of Ci may be increased or decreased, and conversely, 
the value of Cv may be decreased or increased. In the method proposed, Ci 
is alreaqy at its minimum value, and an increase in C. or C would decrease 
~ v 
the c~stal stabilization of the companion oscillatoro The remaining choice, 
a decrease in C , appears to be the most obvious method and in practice 
v 
proves to have additional advantageso In setting up the bridge for measure~ 
ment of~ and EL, the series-resonant frequency and resistance, C , was 
0 -~ 0 
neutralized by an increase in C of 6C = C 2 as outlined in step 2 of the v v 0 
original methodo Since aQY praetical value of Cq within the limits of equa-
tion 1 may be used, then a logical choice would be a value of Cq = 8Cv = C
0
o 
This simplifies the bridge manipulations somewhat and also determines Re 
which may be of interesto It is known that some crystals operating at 
Progress Report Noo 6, Project No. A=l51 
higher overtones do not exhibit an inductive characteristic unless some 
portion of C
0 
is antiresonated or neutralized. For these crystals it will 
be necessary to use a C = !JC < C in order that ro and the remaining 
q v 0 q 
parameters can be determinedo 




may be approximated to simplifY the calculation of the equivalent electri-




+ Af (4) 
where f is the frequency at series resonance and f is the frequency 
0 q 
obtained with !JC e 
q 
Substituting 4 in 3 gives 
which may be written 
Now 
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f 
...£ "?> 1 
Af 
therefore, equation 6 may be written to a good approximation as 
(8) 
(9) 
The validity of the approximation may be established by requiring that the 
approximation remain within ~p per cent of the actual value and determining 
the restrictions that must be placed on the difference frequency, Af. The 
relationship between equations 6 and 9 then is 
(10) 
Solving for Af yields 
(11) 
If P is required to be less than tO.l per cent within the frequency 
range of So to 200 me/sec, then hf = 334 kc/sec for the most severe case 
where f
0 
= SO me/sec and P • +Ool~ o Since in practice the factor Af will 
rarely exceed several kc/sec and the error of Ool per cent is small com= 
pared to the measurement error existing in other terms of equation 2, the 
approximation is considered valido 
The expression for Q1 as given by equation 2 is double valued as in-
dicated by the t term and the geometrical conception of the admittance 
circle crossing the real axiso The correct sign may be determined by as-
suming convenient values of ooCq and ~ such that 1/~ < ooCq' solving for 
Q1, and substituting the resulting quantity for both the ± cases in equa-
tion Sa. The smaller value of R obtained in the minus case is the equiv-
e 
-8-
Progress Report No. 6, Project Noo A-151 
alent resistance at resonance while the larger value for the plus case is 
that for antiresonanceo Since operation of the bridge is such that balance 
takes place at resonance, the minus sign gives the desired results. Equa-
tion 2 now becomes 
where 
2. Experimental Model 
r = 2oo C R_ o q q-J. 
(12) 
(13) 
Several experimental plug-in models of bridge No. 1 shown schemati-
cally as Figure 3 were constructed to determine the most desirable physi-
cal configurationo Both the components and their arrangement were varied 
in an attempt to minimize stray reactance and cross coupling and yet retain 
accessibility to the various adjustmentso Of the several models, one in 
particular indicated exceptional promise, and the experimental unit pro-
duced satisfactory results, which greatly exceeded those of the other modelso 
As shown in Figure 12 all of the components were arranged in such a manner 
as to be as nearly perpendicular to one another within the limits set by 
size, accessibility and short-lead-length requirementso When used in con-
junction with the Developmental Two Tube Colo Meter, satisfactory operation 
of a qualitative nature was obtained at frequencies as high as 180 mc/seco 
A second or prototype unit utilizing this particular arrangement has 
been constructed for deliver,y to SCEL as requested. Figure 2 pictures this 
unit as used with the TS-683/TSM Colo Metero A number of measurements on 
representative cr,ystals was made using the bridge in the TS-683/TSM, and 
these measurements are compared in Table I with the results obtained in the 
same meter by the substitution method. In both cases, the developmental 
VHF Rheostat was used as the resistive element, and the bridge was adjusted 
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TABLE I 
COMPARATIVE CHECKS OF BRIDGE AND SUBSTITUTION METHODS 
Crystal Substitution Method Brid~e Method 
Number Frequency R Frequency R e e 
(me/sec) (ohms) (me/sec) (ohms) 
X37 101.131,126 23 10lol31,212 22 
X39 91.618,315 15 91.618,150 15 
Z22 103.710,369 94 103o710,049 96 
Z32 58o938,746 15 58.938,733 15 
Z42 121.208,653 52 121.208,292 52 
Zh6 120"173,764 52 120ol73,35J 54 
Since in the two procedures a satisfactory method of determining equal 
crystal dissipation has not been found, the measurements of Table I were 
made by increasing the screen grid voltage of the TS-683/TSM until the 
frequency at resonance for each bridge measurement was equal to or within 
0.001 per cent of that obtained by the substitution method. This use of 
frequency as a criteria in setting equal crystal drive for the comparative 
measurements is certainly questionable, but the results obtained are in-
dicative of the bridge possibilities on a practical basis. 
Bridge measurements of all the equivalent parameters, as outlined in 
the appendix, were also made on several crystals. The quantities Lr and c1 
were then compared with those obtained at SCEL for the same crystals by the 
substitution method. Again, because of possible unequal crystal dissipation, 
use of VHF rheostat rather than calibration resistors in the bridge, time 
lapse between measurements and other variable factors, conclusive comparative 
results are not possible. However, the bridge-method parameters are found 
to be of the same order of magnitude as those obtained by the substitution 
method and lend confidence to the results obtainable in practiceo For 
example, crystal X37 was determined by the bridge method to have an equivalent 
=12= 
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series arm capacitance of 0.00173 mmfd, a series arm inductance of 0.00144 
henry and a series-resonant frequency of 101.131,104 me/sec as compared 
to 0.00081 mmfd, 0.00308 henry and 101.131,315 me/sec by the substitution 
method. 
No definite quantitative measurements have been made utilizing the 
prototype bridge in conjunction with the Two Tube Developmental C.I. Meter. 
Because of the apparent harmonic content as discussed in section IV~C, the 
results obtained would be meaningless. However, checks were made to deter-
mine the possible limitations as to practical operation on a qualitative 
basis. For all of the procedural steps outlined in the appendix, the bridge 
operated satisfactorily at frequencies as high as 182 me/sec and with 
equivalent series resistances as high as 190 ohms. 
c. Developmental C.I. Meter 
Progress Report No. 5 reported the existence of harmonic components in 
the Two Tube C.I. Meter. At that time, it was concluded that the magni-
tudes of the harmonic components were not sufficient to contribute any mater-
ial error in substitution measurements. Instead, a probable cause of the 
differences experienced in comparative substitution measurements between the 
Two Tube Developmental Unit and the TS-683/TSM was shown to be the differ-
ence in the internal shunt capacity of the two units. This results from the 
nature of the measurement procedure itself which includes the shunt capacity 
as a factor. This is not the case in the proposed bridge method where the 
shunt capacity appears only as a portion of the internal impedance of the 
signal source. Actually, the bridge method is dependent only on the signal 
supplied by the associated oscillator regardless of the configuration or 
method of generation. Assuming satisfactory stability, the signal may be 
completely defined in terms of its magnitude, frequency, phase angle and 
distortion components. Since the bridge method is independent of the signal 
phase angle, this factor does not enter into the comparative measurements 
between units. If the signal frequency and the magnitude are adjusted to 
be identical in the two sources, then the remaining factor that may cause 
error in comparative bridge measurements is the difference in the distortion 
-13-
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or harmonic components of the signal. As in the substitution system, har-
monic content will cause the bridge-measured resistance to be higher than 
the actual equivalent resistance. This is true for measurement of both ~' 
the equivalent resistance of the motional ar.m, and R , the equivalent 
e 
resistance of the cr,ystal unit. 
Experimental measurements using the prototype bridge in the TS-683/TSM 
and Two Tube Developmental Unit have been made and the results compared. 
Although not as great as those obtained in substitution comparisons, dif-
ferences in Re and ~ exceeding the target specifications were obtained. 
The Two Tube unit was subjected to further examination, and while not yet 
complete, the results indicate that the Two Tube unit does contain a larger 
harmonic content as compared to that of the TS-683/TSM. The second harmonic 
component appears to be of the same order of magnitude for both units, but 
the third harmonic component in the Two Tube unit exceeds, under certain 
conditions, that of the TS-683/TSM by a factor of three or fouro The 
relative magnitudes of higher order harmonic components have not been de-
termined because of the present lack of suitable test facilities. Such 
tests may prove unnecessary for, in general, the magnitude of higher order 
terms decreases for both the even and odd components as the order increases. 
If the bridge is set for true balance, then the fundamental component of 
the signal may be considered as balanced out. The remaining distortion 
components would then prevent the true null from occurring and would cause 
a false null to appear at some condition away from true balance. It is 
apparent then that the error is due to the absolute magnitude of the har-
monic distortion rather than the percentage of distortion. 
At present, a satisfactory solution for eliminating the harmonic dis-
tortion or for overcoming the resulting effect has not been found, but 
several possible methods are being investigated. 
-14-
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V. PROGRAM FOR NEXT QUARTER 
Work during the next quarter will be a continuation of that reported 
in the preceding pages with emphasis on the following objectives: 
1. Completion of the experimental tests on the prototype plug-in 
bridge and deliver.y of one such unit with a set of series-compensated VHF 
rheostats to SCEL, 
2. Further investigation of the Two Tube Developmental C.I. Meter 
harmonic content and analysis of possible methods of elimination, 
3. Continuation of studies of VHF overtone crystals as related to 
drive and study of systems for determining actual drive or dissipation in 
a final model C.I. Meter. 
App.xove<j..: 
'J'. E.· BOy~ Head 
Physics Division 
I 'liSUl -K. ·calaway, Director Jn I / 
Engineering Experiment Stati/ / 
Respectfully submitted: 
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Project Director 
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Research Engineer 
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Thomas R. Scott, Jr. 
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-1.5-
Progress Report No. 6, Project No. A-151 
VI. PERSONNEL 
The key technical personnel and the time contributed by each during 
this report period are: 
Name 
William B. Wrigley 
Douglas W. Robertson 












Progress Report No. 6, Project No. A-151 
VII. APPENDIX 
The prototype high-frequency model of bridge No. 1, shown schemati-
cally in Figure 3 and pictured in Figures 1 and 2, should be capable of 
revealing all the assumed electrical parameters of an actual quartz crystal 
and holder as depicted in Figure 4. 
Figure 3. Bridge No. 1 Schematic. 
Figure 4. Equivalent Electrical Circuit of Overtone Crystal. 
-17-
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Substituting la and 2a in 3a and reciprocating, 
Rationalizing 4a, the real part, 
and letting the imaginary part equal zero, 
+ a:CT = 0. 
Solving equation 6a for Q
1 







Q1 • ! 00 (1 ± .J1 - 4cic~). (?a) 2~n( roo - roo.) 
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For the admittance circle to cross the real axis per equation 6a 
For tangency of the circle to the real axis 
for series resonance 
and for other intersections 
Now letting 
and 
ooe0 = o, 
oo=oo 
q 
r = 2oo C R_. q q-""1 
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or to a good approximation 
2M ~ 2 Ql = rf (1 - 1 - r ) (16a) 
0 




= series resonant frequency, fq = resonant fre-
quency for CT = Cq and where the negative sign is taken. 
The analysis suggests the following procedure for utilizing the 
bridge and companion oscillator to determine the desired parameter. 
1. With Rv and the crystal removed from the bridge, and with Ci set 
close to minimum, balance at a frequency approximately equal to f , with 
0 
C as the variable. v 
2o Place the crystal in the bridge and at the same frequency, adjacent 
to f such that the admittance of the motional arm is insignificant com-o 
pared to that of CT' rebalance the bridge with Cv. Then 8Cv equals C
0
• 
3. With R placed in the circuit, rebalance, with R and frequency 
v v 
as variables, which yields f
0
, and Rv equal to ~· 
4. Decrease C by 8C of step 2 and rebalance with R and frequency v v v 
as variables. This gives f , R = R and 8C = C , hence q v e v q 
Ql = ;~r(l -~1 - r2) (16a) 
0 
from which we get L
1 
and c1 since 
(2a) 
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I. PURPOSE 
The purpose of this project is threefold: 
1. To study and investigate methods and techniques for measuring the 
equivalent electrical parameters of quartz-crystal units in the frequency 
range 75 to 200 me/sec, 
2. To utilize the information obtained from the study and investigation 
of step 1 and to design and construct an interim experimental model of a 
quartz-crystal test instrument in which the following characteristics shall be 
a target: 
a. Frequency range: 75 to 150 me/sec, 
b. Operation with crystal units which have equivalent series-
resonant resistances of 10 to 200 ohms and shunt capacitances 
not exceeding 10 mmfd, 
c. The frequency of oscillation of the test set shall be within 
* 0.001 per cent of the series-resonant frequency of the 
crystal under test, 
d. The level of r-f power dissipated in the crystal units shall 
be adjustable at least within the limits of 1.0 and 10 row, and 
e. The accuracy of the measurement of the equivalent series-
resonant resistance shall be * 5 ohms or ~ 10 per cent, which-
ever is the greater. 
3. To design and construct two final-model test instruments in which 
the following additional characteristics shall be a target: 
a. Frequency range: 75 to 200 me/sec and 
b. The level of r-f power dissipated in the crystal units shall 
be adjustable at least within the limits of 0.2 and 10 mw. 
-1-
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II. ABSTRACT 
Additional measurements of the harmonic distortion present in the Two-
Tube Developmental C.I. Meter and the TS-683/TSM have been made, and typical 
results are presented. The signal from the two-tube oscillator was found to 
contain approximately 15 per cent third harmonic, a relatively large amount 
compared to that in the TS-683/TSM. The second-harmonic component was found 
to be of the same order of magnitude (3 to 4 per cent) as that found in the 
TS-683/TSM. 
The lack of a bilateral characteristic in the developmental bridge at 
these harmonic frequencies is considered, and the resulting effect on bridge 
measurements is discussed. The symmetry existing between the rheostat and 
the crystal branches of the bridge was investigated, and the experimental data 
which indicate satisfactory performance in this respect are included. 
A study of several methods of eliminating or reducing the harmonic 
content of the companion oscillator has been made, and experimental work has 
been initiated to determine the capabilities and limitations of the most 
promising of these methods. Commercially available harmonic-suppression 
filters have been ordered for experimentally determining the increased bridge 
accuracy obtainable with reduced harmonic distortion. 
The Developmental Bridge and the Two-Tube C.I. Meter were used to measure 
the frequency and equivalent resistance of a number of crystals supplied by 
SCEL. The frequency and the resistance of each of these units were also 
measured qy SCEL prior to delivery to this project. The results obtained are 
compared on the basis of target-specification accuracies. Generally, the com-
parisons are considered satisfactory, although exceptions, which are1 discussed, 
do occur. 
-2-
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III. CONFERENCES 
On 15, 16, and 17 November 1955, Dr. G. K. Guttwein and Mr. Dennis 
Pochmerski of the SCEL visited the Engineering Experiment Station at Georgia 
Tech to observe and discuss the technical status of this project. Twelve 
overtone crystals covering the frequency range of 100 to 180 me/sec were 
delivered to project personnel as government-furnished equipment. Prototype 
models of the Georgia Tech-developed Crystal Parameter Bridge and VHF Rheostats 
were delivered to the SCEL representatives for preliminary evaluation. 
Conference conclusions were as follows: 
1. That the results of the Georgia Tech measurements on the 12 
delivered crystal units would be transmitted to SCEL for comparison with 
their measurements. 
2. That curves relating the a-c impedance and d-e resistance of 
the VHF Rheostats would be compiled and transmitted to SCEL. 
3. That, for the remaining experimental phase of the present con-
tract, the major effort will be directed towards elimination of the harmonic 
content in the present developmental oscillator. 
4. That a conference should be held approximately one month prior 
to the contract termination date to discuss the results of item 3 and to 
determine what units or combination of units satisfactorily fulfill the contract 
requirements for two final models. 
-3-
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IV. EXPERIMENTAL WORK AND CJRCU IT STUDIES 
A. Measurements and Effects of Harmonic Distortion 
Progress Report No. 6 discussed the existence of harmonic components in 
the Two-Tube C.I. Meter. Additional measurements have been made of the 
signal harmonic distortion of both the TS-683/TSM and Two-Tube c.I. Meter. 














G. R. Unit 
I-F Amplifier 
Type 1216-A 1---------..J 
Figure 1. Test Setup for Harmonic Measurements. 
Generator, a General Radio 874-MR Crystal Mixer, and a General Radio type 
1216-A Unit I-F Amplifier for determining the relative signal levels. An 
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adjustable cavity is used to assure that only the desired-signal components 
reach the mixer. The test signal and the local oscillator signal are mixed, 
and the resulting difference frequency is amplified and detected in the Unit 
I-F Amplifier. The relative fundamental and harmonic signal levels were re-
corded over the range of possible frequencies, equivalent crystal resistances, 
and drive levels in both the TS-683/TSM and Two-Tube C.I. Meter. As an 
additional check, a second H.P. VHF Signal Generator was substituted for the 
oscillator under test, and the signal level necessary to give the same Unit 
I-F Amplifier reading was recorded for each test point. The curves of Figures 
2 and 3 are typical of the results obtained at each test frequency. The 
measurements indicated that the signal from the two-tube oscillator contained 
larger second- and considerably larger third-harmonic components as compared 
to the signal from the TS-683/TSM. In general, for a given output voltage, 
the second- and the third-harmonic components of the TS-683/TSM had an average 
magnitude of 3 per cent of the fundamental while the two-tube oscillator ex-
hibited approximately 4 per cent second- and up to 15 per cent third-harmonic 
distortion. 
Since harmonic currents flowing through the resistive arm of the Develop-
mental Bridge cause a false null at some resistance and frequency other than 
that of the crystal at series resonance, the necessity of eliminating the 
harmonic content of the companion oscillator is evident. 
An additional difficulty due to the existence of harmonic distortion 
is reflected in the fact that the bridge and VHF Rheostats, although satis-
factory at frequencies below 200 me/sec, exhibit increasingly different 
impedances to the higher frequency harmonic currents as the direction of 
current travel through them is reversed. Obviously, they are not strictly 
two-terminal devices at these higher frequencies. This resulting lack of 
a bilateral characteristic requires a different rheostat setting for balance, 
depending on the direction of current flow through the bridge and/or rheostat. 
That is, more or less harmonic current may flow through the bridge arms 
depending on the shunt leakage impedance (to ground) at the input terminal 
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Figure 3. Relative Harmonic Content of Two Tube CI Meter. 
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The series-resonant frequency and the resistance of a group of crystals 
were measured using the Developmental Bridge and Two-Tube C.I. Meter. The 
bridge was then connected so that the direction of signal travel through the 
bridge was reversed, and the frequency and the resistance of the crystals 
were again measured. The measurements obtained in the original direction and 
the frequency and resistance changes, ..6F and AR , for the reversed direction e 










TWO-TUBE C.I. METER MEASUREMENTS FOR REVERSED 
SIGNAL DIRECTION IN BRIDGE 
Frequency R e AF 
(me/sec) (ohms) (cps) 
93.463601 105 478 
103.710849 85 602 
98.677824 44 - 90 
120.172340 44 42 
113.476528 80 - 122 









is within the desired accuracy, the change in measured R is not. From the e 
limited number of measurements made, no correlation could be obtained between 
the crystal parameters and the R deviations. The crystals were then measured e 
in the same manner using the bridge with the TS-683/TSM. Apparently, because 
of the lower harmonic distortion in the TS-683/TSM, the resistance deviations, 
as shown in Table II, are considerably less than those obtained with the two-
tube oscillator. 
As indicated, the experimental data support the contention that the 
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TABLE II 
TS-683/TSM MEASUREMENTS FOR REVERSED 
SIGNAL DIRECTION IN BRIDGE 
. 
Frequency R ~F e 
(me/sec) (ohms) (cps) 
93.463735 111 194 
103.710846 91 98 
98.677540 46 384 
120.172364 48 - 110 
113.476859 90 - 627 









is capable of causing the measured variations in R • Evidently, the difficulty 
e 
can be overcome either by greatly reducing the harmonic content of the com-
panion oscillator or by eliminating the bilateral bridge characteristic. 
Since construction of a lumped parameter bridge at these frequencies, which 
does not exhibit a bilateral characteristic, is impracticable and since the 
harmonic distortion leads to additional errors, it is apparently more desir-
able to reduce the harmonic content of the signal. 
An additional bridge property that could possibly be effected by har-
monic distortion is the symmetry existing between the rheostat and the crys-
tal branches of the bridge. In order to assure accurate results with the 
Developmental Bridge, the crystal and resistive branches must necessarily be 
symmetrical. If symmetrical, then the same frequency and resistance measure-
ments should be obtained when the crystal and VHF Rheostat are interchanged. 
By interchanging these two plug-in components and comparing the resulting 
difference measurements, a relative measure of the s.ymmetry can be obtained. 
Table III shows the results obtained with a group of crystals measured in 
this manner. The columns AR andAF show the change in measurements occurring e 
-9-
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when the crystal and the rheostat were interchanged. It is evident from the 
small deviations obtained that the Developmental Bridge is satisfactory in 
this respect. 
TABLE III 
CHECK OF BRIDGE SYMMETRY 
Crystal Frequency R AF AR Number e e 
(me/sec) (ohms) (cps) (ohms) 
RCA-187 9.3.463601 105 .36 .3 
Z-22 10.3.710849 85 - 9.3 - 1 
Z-.35 98.677824 44 -175 0 
Z-46 120.172.340 44 7 - 1 
GT-1 11.3.476528 80 8 - 1 
GT-3 99.800618 51 55 0 
B. Reduction of Harmonic Content 
Several possibilities exist for eliminating or reducing the harmonic 
content of the companion oscillator. Basically, these methods fall into 
two general categories: the use of linear oscillators and the use of harmonic-
suppression filters. The use of linear oscillators is the better of the 
methods but is also the more difficult to accomplish. Both methods are being 
investigated to determine the feasibility and comparative merits of each. 
The use of harmonic-suppression filters, if satisfactory, will allow the 
present two-tube oscillator to be utilized although two or more filters are 
necessary to cover the entire frequency range. Low-pass coaxial filters for 
use in the VHF range are available commercially. These units can be obtained 
with at least 60-db attendation at cut-off and less than 1-db insertion loss 
in the passband. Two such units having cut-off frequencies of 120 and 200 
mc/sec,respectively, have been ordered. These units will permit a more 
-10-
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complete determination to be made as to the desirability of utilizing this 
method of eliminating harmonic-distortion difficulties. 
In general, a linear oscillator requires external limiting either by 
using a thermally sensitive element or by means of a bias voltage that is 
automatically controlled by the output signal. In the frequency range of con-
cern, the increased stray and leakage reactances that are associated with the 
external limiting device often prevent the realization of a practical oscil-
lator. An additional difficulty is that of maintaining satisfactory control 
over the wide range necessary because of the variations in the equivalent 
crystal resistance and desired drive levels. 
An arrangement which incorporates automatic amplitude control in the 
present two-tube oscillator is being investigated. Essentially, the system 
operates by amplifying a portion of the oscillator signal which is then 
rectified and returned, as a controlled grid bias, to the oscillator tubes. 
In order to obtain sufficient voltage to control the grid bias adequately, some 
amplification is necessary either prior to or following rectification. 
Normally, this gain is provided by a suitable a-c amplifier prior to rectifi-
cation. However, because of the wide frequency range desired in the present 
application, this requires the use of a continuously tuned amplifier that 
tracks with the oscillator tuning or else the use of an extremely wide-band 
amplifier. An alternate possibility exists in which the necessary amplifi-
cation takes place throur,h the use of a suitable d-e amplifier after rectifi-
cation. The desirability of this method would probably be determined by the 
allowable amplifier drift during the time necessary to accomplish the crys-
tal-parameter measurements. Should this time be relatively short, simple 
amplifiers could be utilized, but, if this is not the case, the more complex 
(chopper stabilized) d-e amplification systems would be necessary. The 
present experimental setup utilizes an SKL wide-band chain amplifier and a 
pair of germanium diodes in the external amplitude-controlling system. Both 
tubes of the two-tube oscillator are operated class A, and the effect of con-
trolling the bias of each tube individually and both tubes simultaneously is 
being investigated. As of this report date, the experimental investigation 
has not been completed and conclusive results have not been obtained. 
-11-
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The cathode-coupled oscillator has often been used in measuring the 
series-resonance resistance of quartz crystals. The measurement procedure 
and criteria for determining resonance is similar to that of the TS-683/TSM 
and is, therefore, readily adaptable to the developmental-bridge technique. 
The circuit has been found to possess an amplifier gain such that operation is 
feasible with equivalent resistance values as high as 200 ohms at frequencies 
up to 150 me. Using presently available tubes, operation up to 200 me appears 
practicable. 
Post* describes a system in which an amplitude-controlling device is 
used in conjunction with the cathode-coupled oscillator. As shown in Figure 4, 
the circuit incorporates a negative-feedback loop, containing a thermal ele-
ment, for providing the amplitude regulation. An analysis of the system is 
presented by Post in his paper, but the basis of operation may be generally 
understood by reference to Figure 5. The system, which may be considered as 
a bridge arrangement, exhibits two very desirable properties when used for 
crystal-impedance measurements. 
First, assume that the bridge elements R1 and R2 are purely resistive 
and do not exhibit thermal properties, that R
3 
represents the equivalent 
resonant resistance of a quartz crystal, and that R4 represents the input 
impedance of the amplifier stage. As shown by Post, R4 is a function of the 
voltage ratio ~ = eg/ek which increases in magnitude as ~ increases. Now as 
R~ is changed, as it would from crystal to crystal, the resulting variation 
~ 
in ~ causes H4 to change in such a direction as to rebalance the bridge and 
to maintain the original eg/ek ratio. The result of this effect is that the 
bridge tends to remain in adjustment or equilibrium automatically, even 
though it is used with crystals having different equivalent resistances. 
Second, the amplitude of oscillation can be controlled by making R1 or 
R2 nonlinear. If R2 is a thermal resistance with a positive characteristic, 
then amplitude control is effected in the following manner. As the output 
voltage e
0 
increases, the additional current through Thermistor R2 causes a 
*P~s~,-E~S., and Pitt, H.F., "Alternate Ways in the Analysis of a F~edback 
Oscillator and its Application." Proc. I.R.E. 39, 169-74 (February 1951). 
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Figure 5. Bridge Circuit of Amplitude 
Stabilized Cathode-coupled Oscillator. 
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rise in its resistance. This change effects an increase in the voltage e 
g 
relative to ek. Since this represents an increase in the negative feedback 
or a decrease in the resultant over-all positive feedback, the amplifier gain 
is reduced. The decreased gain reduces e until bridge equilibrium is again 
0 
reached. 
By proper adjustment of the element values, the equilibrium amplitude may 
be set so that the amplifier tube operates class A. Since this method offers 
essentially linear operation and thereby low-signal harmonic content, it is 
considered worthy of experimental investigation. Construction of a bread-
board unit utilizing this principle has been started in order to determine 
the feasibility of operation at the frequencies of interest. 
C. Comparative Crystal Measurements 
Twelve overtone crystals and their frequencies and equivalent resistances, 
as measured by several different methods, were furnished by SCEL for test 
purposes. These crystals ranged in frequency from 100 to 180 me and in re-
sistance from 15 to 170 ohms. The units were measured in the Developmental 
Bridge in conjunction with the Two-Tube C.I. Meter, and the results were com-
pared with thuse ob~ained at SCEL. The frequencies and equivalent resistances, 
as shown in Table IV, are not those obtained by any one SCEL measurement 
method but are selected as those which displayed the largest discrepancy 
when compared to the developmental-bridge measurements. 
The phase angles of the standard TS-683/TSM substitution resistors which 
were used in the SCEL measurements and that of the VHF Rheostats which were 
used in the Georgia Tech measurements often differ by more than 10 degrees. 
Since this factor does account for some differ~nce in comparative measure-
ments, the equivalent resistances are recorded in terms of. tneir a-c impedance 
as measured by the method outlined in Progress Report No. 3 of this project. 
It is understood that the crystal power dissipation in the SCEL measure-
ments was set and measured by the method of section 18 ~ (6) (£) 1 of the 
TS-683/TSM Crystal Impedance Meter Instruction Book and that all crystals 
were measured at 2 mw. In the Georgia Tech measurements, the crystal dissi-
pation waE set by varying the oscillator screen voltage until the different 
-~-
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TABLE IV 
COMPARATIVE CRYSTAL MEASUREMENTS 
Developmental 
SCEL Measurement Bridge Measurement 
Approximate 
Crystal Frequency z Frequency z Frequency Number e e Difference 
(me/sec) (ohms) (me/sec) (ohms) (%) 
GrouE I 
FlAl-2 104.745,500 23tl2 104.745,930 24 L.:Q. 0.0004 
FlAl-3 104.965,100 17~ 104.,905,860 20,-9 0.0007 
2-W 125.112,000 40 L.2. 125.,111,320 427-f -0.0005 
3-W 124o786,100 32L!l 124.787,430 30~ 0.0010 
1-3 118.374,100 29 L!.Q 118.374,800 30cl o.ooo6 
3-3 117.478,400 30,10 117.478,880 32J-2 0.0004 
GrouE II 
D-2 108.565,600 52L2_ 108.567,230 53~ 0.0015 
D-3 109.667,500 64L2. 109.670,900 771::2. 0 .. 0031 
D-4 123.710,600 68;i 123.713,300 57cl 0.0022 
D-6 125.924,800 60 125.926,120 63f-t 0.0010 
D-9 133.541,900 397.1 133.543,400 37 /::!:!. 0.0011 
GrouE III 
FlAl-2 174.607,400 43L.!d. 174.608,660 447% 0.0007 FlAl-3 174.873,400 32~ 174.875,120 28!-i 0.0010 
2-w 175.159,900 82~ 175.159,020 77C2 -0.0005 
3-W 174 0 703' 600 55 J!.Q. 174.704,360 58 7-ft 0.0004 
1-3 165.727,400 55~ 165.728,460 47~ 0.0006 3 ... 3 164 .. 473,100 61 L.2. 164.4 74,500 50i:!t o.ooos 
Group IV ( C cancelled) 
0 
FlA1~2 174 .. 605 ,4 70 30;i 174.607,120 26H 0.0009 
FlAl-3 174.872,600 24&i 174.874,560 20 L2.. O.OOll 
2-W 175.159,580 55~ 175.15,890 50ci -0.0008 3...W 174.705,900 42~ 174.703' 750 41~ -0.0012 
1-3 165.727,140 40L!l 165 0 727,770 37~ 0.0004 
3-3 164.473,090 4ltl-1 164.473,830 38l:!!:, 0.0005 
Group V (C cancelled) 
0 
D-2 151.986~900 83 L1±. 151.988,080 837% o.oooa 
D-3 153.525,380 1207-t 153.523,970 130H 0.0009 
D-6 176.293!1830 86 L.!:l 176.289,820 112B -0.0021 
D-9 186.940,170 62L]_ 186.939,410 73 - -0.0004 
--~-~ .. , . .,. ·""~- -·~ 
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voltage, as measured with a H. P. Model 41GB VTVM from each terminal of the 
v~ rheostat to ground, was of the correct value to give 2 mw dissipation 
in the rheostat and, because of symmetry, 2 mw in the crystal. The bridge 
was brought into balance just prior to the voltage measurement, and no attempt 
was made to rebalance the bridge during the voltage measurement. Although 
inaccurate, because of phase-angle considerations, such a procedure appears 
acceptable in making comparative measurements at this time. 
As discussed earlier in this report, different results are obtained 
depending on the direction of signal travel through the bridge. The results 
obtained with one direction of signal travel appear to more nearly corres-
pond with the measurements made at SCEL. This direction is the one used for 
the tabulated data of Table IV and is that direction obtained when the signal 
is injected into the crystal VHF rheostat common terminal. 
The crystals in group I of Table IV exhibited frequency and equivalent 
resistance characteristics such that measurement was possible when the 
Developmental Bridge was used in conjunction with the TS-683/TSM. The results 
of these measurements are not included in Table IV, but, on a comparison basis, 
were within the target-specification.accuracy as were those using the Two-
Tube C.I. Meter and Developmental Bridge. 
Crystal D-4 of group II, although satisfactory when first measured, 
produced inconsistent results in successive measurements. The initial measure-
ments of D-4 are tabulated but are not considered valid. Crystal D-3 indicated 
a Re and frequency considerably higher than those obtained at SCEL, but the 
remaining units of tr~s group appeared to fall within theRe target specif-
ications and very near the upper frequency target specifications. 
When compared with SCEL measurements, the frequencies as measured by the 
Developmental Bridge fell within the target specifications for all crystals 
of group III as did the R for all units except 1-3 and 3-3 which exhibited e 
considerably lower resistance. 
The effect of C was cancelled in the Developmental Bridge for all 
0 
crystals of group IV. When compared with SCEL measurements, the frequency 
and R1 of all units fell within or at the target specifications. 
-16-
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The effect of C was also cancelled for all crystals of group V, but 
0 
satisfactory null indications for these crystals could not be obtained. 
Apparently, the signal feedback through the crystal is such a small portion 
of the total feedback that oscillator stabilization is not maintained. Al-
though a null can be found, the oscillator frequency shifts before the bridge 
can be brought into complete balance. Though not considered valid, frequency 
and resistance measurements were made and are included. 
It is of interest to note that the majority of measurements indicated 
a positive frequency error in the Developmental Bridge, the primary exception 
being crystal 2~ which displayed a negative error in each of the groups in 
which it was measuredo 
Since the signal from the Georgia Tech Two-Tube C.I. Meter is known to 
have excessive harmonic content and since the crystal power dissipation can-
not be accurately determined, the measurements obtained are not considered 
representative of the bridge accuracy obtainable. However, if comparisons are 
made to some average or medium value of the several SCEL measurements rather 
than to those having the largest discrepancy, the accuracy obtained for the 
test crystal measurements appears satisfactory. 
-17-
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V. PROGRAN FOR :NEIT QUARTER 
Work during the next quarter will be a continuation of that reported 
in the preceding pages with emphasis on the following objectives: 
1. Further analysis and investigation of methods for eliminating 
the harmonic content of the Two-Tube Developmental C.I. Meter. 
2. Investigation of other applicable circuits in regard to their 
harmonic content. 
3. Construction, test, and delivery of the final model units 
utilizing the Crystal Parameter Bridge and VHF Rheostats. 
App~ved:_ 
J. E .. 'Boyd,vChief 
Physical Sciences Division 
Paul K.. Calaway_, Direcft:-clr v \.7' \.-/ 
En~ineering Experiment Station 
Respectfully submitted: 




Thomas R. Scott, Jr. 
Assistant Research ~ngineer 
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VI., PERSONNEL 
The key technical personnel and the time contributed by each during 
this report period are: 
Name 
William Bo Wrigley 
Douglas W., Robertson 
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I. PURPOS~ 
The purpose of this project is threefold: 
1. To study and investigate methods and techniques for measuring the 
equivalent electrical parameters of quartz-crystal units in the frequency 
range 75 to 200 me/sec, 
2. To utilize the information obtained from the study and investigation 
of step (1) to design and construct an interim experimental model of a quartz-
crystal test instrument in which the following characteristics shall be target: 
a. Frequency range: 75 to 150 me/sec, 
b. Operation with crystal units which have equivalent series-
resonant resistances of 10 to 200 ohms and shunt capacitances 
not exceeding 10 mmfd, 
c. The frequency of oscillation of the test set shall be within 
± 0.001 per cent of the series-resonant frequency of the cr.rstal 
under test, 
d. The level of r-f power dissipated in the crystal units shall be 
adjustable at least within the limits of 1.0 and 10 mw, and 
e. The accuracy of the measurement of the equivalent series-resonant 
resistance shall be ± 5 ohms or ± 10 per cent, whichever is the 
greater. 
3. To design and construct two final-model test instruments in which 
the following additional characteristics shall be a target: 
a. Frequency range: 75 to 200 me/sec and 
b. The level of r-f power dissipated in the crystal units shall 
be adjustable at least within the limits of 0.2 and 10 mw. 
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II. ABSTRACT 
This report contains a resume of the most significant aspects of the work 
reported in the seven previous quarterly progress reports as well as that ac-
complished during the last quarter of the two-year contract period. Primary 
emphasis is placed on the experimental information leading to, and the practi-
cal results obtained from, the final model of the developmental VHF crystal 
parameter test set. The composite final model consists of a combination of 
three basic developmental devices which have been de signa ted as the VHF h.heo-
stat, the Crystal Parameter Bridge and the Developmental CI Meter. Since 
each of these devices may individually be used with other test sets or for 
other purposes, they are presented separately. 
The fixed resistors used as substitution elements in present CI Meters 
are unsatisfactory at higher frequencies because of the reactive effects and 
the interpolation requirements. To overcome these limitations, a VHF rheostat 
has been developed which minimizes the reactive effects and, being variable, 
eliminates the necessity of interpolation. Such reactance compensation has 
been incorporated so that only a few units are required to cover the range of 
20 to 200 ohms from 75 to 200 me/sec with acceptable phase characteristics. 
The upper frequency limit of the present high frequency CI Meter TS-
683/TSM has been established at approximately 100 me/sec. The Developmental 
CI Meter in conjunction with the VHF Rheostat is capable of being used as a 
substitution type CI Meter at frequencies from 75 to 200 me/sec with crystal-
equivalent resistances up to 200 ohms. This unit~ a two-tube, line-coupled 
oscillator, utilizes the inherent transit-time phase shift of the tubes to 
obtain the correct loop-phase condition for oscillation. 
The VHF Rheostat makes possible a bridge measurement configuration which, 
in conjunction with the Developmental CI Meter or other suitable oscillators, 
overcomes many limitations of the present measuring systems. Designated the 
Crystal Parameter Bridge, the device utilizes the crystal being measured to 
also control the frequency stability of the oscillator and enables measurement 
of all the fundamental equivalent parameters of a VHF quartz crystal. In its 
present state of development, the bridge exhibits a measurement accuracy 
-3 ... 
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comparable to that obtained by other methods for crystals up to 175 me/sec 
with equivalent resistances up to 120 ohms. It is shown that the present lim-
itations are due primarily to the stray reactances associated with the lumped-
element construction. 
A final section of this report is devoted to a discussion of several 
related investigations which appeared in the various progress reports. In 
particular, consideration is given to the effects of crystal power dissipation 
and signal harmonic content on measuring techniques. Several alternate bridge 
arrangements and additional VHF oscillator configurations are also included 
in this section. Several of these investigations are incomplete but are in-
cluded to serve as either general information or as a prelude to more extensive 
studies. 
Final Report, Project No. A~l51 
III. PUBLICATIONS AND CONFER~NCES 
Two papers relating to the project were presented during the contract 
period. The first, entitled "Methods of Measuring the Equivalent Electrical 
Parameters of Quartz Crystals" was presented by Mr. William B. Wrigley at the 
Ninth Annual Frequency Control Symposium held in Asbury Park, New Jersey, 
May 26, 1955. The second paper, 11A New Method of Measuring the Equivalent 
Parameters of VHF Quartz Crystals", was presented by Mr. Douglas W. Robertson 
at the Tenth Annual Frequency Control Symposium held in Asbury Park, New 
Jersey, on May 16, 1956. 
During the contract period a total of six conferences were held between 
various project personnel and representatives of SCEL. At these meetings the 
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IV.. INTRODUCTION 
A. History of the Contract 
This project, entitled Investigation of Methods for Measuring the Equiva-
lent Electrical Parameters of Quartz Crystals, was sponsored by the Signal 
Corps, U. S. Arrrw, through the Frequency Control Branch, Signal Corps Engi-
neering Laboratories, Fort Monmouth, New Jersey. The initial contract was 
numbered DA-36-039-sc-56730 and work started on this project on 15 March 1954. 
The number A-151 was assigned to this project by the Georgia Institute of 
Technology. An extension and modification of the original contract for a 
period of 12-1/2 months was received in November 1954. At the request of the 
contractor, the termination date was extended to April l)jl 1956 and delivery 
of the final report was scheduled for May 31, 19)6c 
B. Objectives and Method of Approach 
Because of the close channel spacings encountered in VHF communications 
equipment, crystal control is necessary. In the past, crystal units operating 
on submultiples of the output frequency have been used successfully for this 
purpose~ but this method does not lend itself well to the construction of 
small, lightweight eq1upmento A more desirable type of equipment can be de-
signed if direct crystal control can be obtained at the operating frequency. 
The recent availability of VHF' crystals capable of operating at frequencies 
higher than those covered by present test instruments has reopened the pro-
blem of crystal test setso In particular, a device is needed which will 
augment the performance of the present test sets at higher frequencies. It 
was the objective of this project to provide for this need. 
The correlation of the operating frequency of a quartz resonator in a 
nuse'' circuit with that frequency obtained in a test oscillator utilized by 
the manufacturer has always been a probleme In the early stages of the de-
velopment of quartz resonators for frequency control$) it was common to provide 
test oscillators for the manufacture of specific resonators which were as 
nearly identical to the final use circuit as possible. This led to the need 
for a large number of test oscillators and to a great diversity in the speci-
fications of resonator performance. Early approaches to this problem led to 
-7-
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the development of standard test circuits in which the circuit parameters 
could be varied to simulate any practical oscillator. This eliminated only 
the 11file" of test sets and substituted a file of adjustments that would be 
their equivalent. Moreover, such circuits usually defined the activity of 
a crystal in terms of oscillator grid current. Because this definition is 
purely arbitrary, it was useful only for relative measurements and provided 
little information of engineering significance. 
Modern crystal test oscillators are designed with the objective of 
measuring the fundamental resonator parameters. Some of the methods measure 
one or more of the four fundamental equivalent parameters R1, 11, c1 or C0 
of Figure 1. Others measure certain derived parameters such as the quality 
Figure l. Equivalent Electrical Circuit of 
A Quartz Crystal. 
facto~ performance index, equivalent resistance or characteristic frequency. 
Gerber6 has given a review of presently known methods of measuring crystal 
parameters along with circuit configurations and operating limits. In general, 
the methods fall into two categories which may be conveniently classified as 
passive and active systems. In the passive systems the crystal is connected 
b ~o; ~l~ numbered references see the bibliography at the end of the report. 
-8-
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as an element in an electric network that is driven by an external signal 
source. The parameters and characteristic frequencies are determined from 
the manner in which the crystal influences the input impedance, the trans-
mission characteristic, or the bridge balance as the driving frequency is 
varied. Although capable of measuring the necessary parameters with a high 
degree of accuracy, passive systems have a serious disadvantage in that a 
severe requirement is placed on the stability of the variable source. 
This stability should, on a short-time basis, be at least one order of mag-
nitude better than the stability of the crystal under test. Such sources 
are generally unavailable because of their prohibitive cost, and, therefore, 
passive methods are usually restricted to laboratory measurements. 
In active systems the crystal is incorporated as the frequency-control-
ling element in an oscillating circuit. Usually the crystal can be operated 
in either the resonant or antiresonant mode, and the equivalent resistance 
under either of these conditions is determined by the substitution of standard 
resistors. One limitation of the active systems is that the test frequencies 
must lie in bands near the resonant or antiresonant frequencies of the crystalo 
The width of these bands is determined by the degree of frequency pulling which 
may be obtained by detuning the oscillator circuits. The active system, how-
ever, makes possible construction of a simple and compact instrument which is 
well suited for routine measureoents. Because of this, major attention is be-
ing given to the active systems of measurement. 
It is believed that a solution to the problem exists in the extension 
of present crystal impedance meter techniques, provided components can be de-
signed or obtained which will meet the requirements imposed by high frequency 
operation. Particular attention has been given to the problem of construe-
continuously variable resistors having low shunt capacity and low resid-
ual inductance o Various oscillator circuits have been studied to determine 
the most appropriate configuration, and several bridge arrangements have been 
investigated with regard to their applicability in active measuring systems. 
Consideration was also given to elimination of the high frequency effects 
caused by the si 
power dissipation. 
harmonic content, crystal shunt capacity, and crystal 
~9-
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V. EXPER.Il~NTAL WORK AND CIRCUIT STUDIES 
A. VHF Rheostats 
1. Introduction 
The extension of the frequency range of CI Meters to VHF frequencies 
has made the need for low phase angle VHF rheostats apparent. The resistors 
presently used as substitution elements in CI Meters are unsatisfactory be-
cause of the reactive effects which may introduce appreciable error in fre-
quency and resistance measurementso 7 In addition, the use of fixed resistors 
requires interpolation between successive resistances for most crystal param-
eter measurements. 
To overcome the limitations of fixed resistors, a series of VHF rheo-
stats have been developed which minimize the reactive effects and 3 being 
continuously variable, eliminate the necessity of interpolation. ~ith these 
rheostats, satisfactory CI Meter operation has been obtained up to 200 me/sec. 
2. Requirements 
In this investigation the phase-angle tolerance of resistors was 
established in terms of the Q and the frequency tolerance of the crystal unit 
to be measured. In the substitution resistance method of determining the 
equivalent electrical parameters of a quartz crystal, various resistors are 
substituted for the crystal in an oscillator until a resistor is obtained 
which gives the same frequency of oscillation and oscillator grid current as 
the crystal. Under these conditions 3 the crystal and resistor appear essen~ 
tially the same to the oscillator. Since the resistor may have a non-zero 
phase=angle, the crystal will also be operating at a phase-angle other than 
zero. The maximum phase-angle that can be tolerated before unacceptable 
errors are introduced is determined from the expression for the phase-angle, 
e, of the of a series resonant circuit: 
-1 (, 1 ~ 
9 : tan Q ~ ~ YJ) I (1) 
where Q = u:.L/R and (f = actual frequency /resonant frequency. In terms of the 
-11-
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percentage frequency tolerance a, equation 1 may be written as 
e =- tan-~ ~ - 1 2] • L (1 :.t;- a) (2) 
For an assumed crystal Q of 10,000 ani an established frequency tolerance 
of 0.001 per cent, e = ~ 11.3°. Thus, resistors or rheostats exhibiting phase-
angles of : 11° or less may be considered satisfactory as substitution ele-
ments for quartz crystals in CI Meters. 
3o Experimental Data and Results 
a. Test Setup. The measurements of the impedance characteristics 
of resistors and rheostats utilized a Hewlett-Packard Model 608A Signal 
Generator, a Hewlett-Packard Model 803A VHF Bridge and a Hewlett-Packard 
Model 417A VHF Detector. The component mount is shown in Figure 2 together 
with three calibrating short circuits whose measured impedances at 25 me/sec 
intervals from 75 to 200 me/sec are shown in Table I. While it is obvious that 
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Figure 2. Component Mount and Calibration Short Circuits. 
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circuits were also measured because they indicate the impedance deviation 
with frequency which may be attributed to the mounting system actually used 
with TS-683/TSM plug-in fixed resistors. Reasonable confidence may be placed 
in this test setup based on the linearity of the coaxial short circuit measure-
ments as shown in Figure 3. The coaxial short circuit measurements were used 
throughout this investigation in the correction of the VHF bridge readings to 
obtain the terminal impedance of the unit under test. 
b. Characteristics of Fixed Resistors. Data were taken on 30 
fixed resistors ranging from 15 to 180 ohms as manufactured by Globar, Allen-
Bradley and IRC. These resistors were mounted on type HC-6/U crystal holders 
in a manner similar to the solid-bar short circuit shown in Figure 2. Data 
were also taken on the standard calibration resistors mounted in phenolic hold-
ers which are supplied with the TS-683/TSM CI Meter. Characteristic phase-
angles of a selected number of resistors are shown in Figure 4o The curves 
of Figure 4a apply to both the Allen-Bradley units and the calibration resis-
tors. This correspondence is not unexpected since the calibration resistors 
utilize Allen-Bradley units for the resistive element. Apparently, the effect 
of the phenolic holder is inconsequential. Of the resistors tested, the Allen-
Bradley units exhibited the most satisfactory phase-angle characteristicso 
However, at low resistance values, the need for some form of reactive com-
pensation is apparent since the phase-angles exceed 11°o Even though the low 
resistance values could be compensated, the necessity of interpolation further 
limits satisfactory utilization of fixed resistorso Consequently, efforts 
were directed toward the development of a suitable variable resistoro 
c. The VHF Rheostato The phase-angle characteristics of resistors 
are primarily determined by the stray inductive and capacitive reactances as-
sociated with the resistive elemento In variable units~ the additional pro-
blem of varying reactance is encounteredo Any satisfactory low-phase-angle 
variable unit requires that these reactances be minimized and maintained con-
stant throughout the resistance rangeo A constant electrical path length is 
required if the effect of varying inductance with resistance setting is to be 
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length. The electrical path length is seen to be the same for any position 






Figure 5. Method of Maintaining Constant 
Electrical Path Length. 
An experimental model VHF rheostat incorporating the features mentioned 
above is shown in Figure 6. Basically, the rheostat consists of a resistance 
element, a collector bar, and a wiper arm. A disassembled view and an arrange-
rnent of the principal parts are shown in Figure 7. The metal film resistance 
element was fabricated by sputtering a nickel film on a glass base approxi-
mately 5/8 x 1/16 x 1/32 inches. The collector bar is of solid copper. The 
resistance element and collector, spaced approximately 1/16 ino apart, are 
attached to the base of the holder. The wiper armj made of spring bronze, 
is attached to the carriage which is positioned to the desired resistance 
setting by the leadscrew. Electrical connections to the collector and resis-
tance elements are brought out through the base of the unit and attached to 
the pins of a type SC-6/U crystal holder, which is used to facilitate the use 
of the Vffr~ rheostat in present CI Meterso 
Phase-angle characteristics on the experimental model VHF rheostat are 
shown in Figure 8$ Selected substitution resistor characteristics are given for 
comparison. It is apparent that the VHF rheostat is comparable to fixed re-
sistors. However, resistance values below approximately 100 ohms require some 
form of reactance compensation to reduce the phase-angle to less than 11°. 
Before compensation was attempted it was necessary to determine if the 
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short-circuit (zero resistance setting) impedance and equivalent inductance 





SHORT-ciRCUIT IMPEDANCE OF VHF RHEOSTAT 
100 me 125 me 150 me 175 me 200 me 
11.6 /90° 14.1 /88° 16.3 /87° 19.2 /87~5 
Le 0.0153 ¥hY 0.0146 VhY 0.0148 phy 0.0150 ~hy 0.0148 phy 0.0153 phy 
From these values of equivalent inductance, it seems reasonable to assume 
tr~t, for low resistance values, the rheostat may be equivalent to a variable 
resistance in series with a constant inductance. Figure 9 compares calcu-
lated phase-angles with measured phase-angles for several non-zero resistance 
settings. A value of 0.013 microhenries fits the actual VHF rheostat data 
very closely. 
The two forms of compensation studied were shunt compensation, where a 
capacitor is placed across the terminals of the rheostat, and series compen-
sation, where a capacitor is placed in series with the resistance element. 
Shunt compensation was investigated first since it was mechanically more con-
venient. Figures 10, 11, and 12 show the results of placing capacitors di-
rectly across the terminal pins. It is apparent that reasonable compensation 
may be realized only for small increments of resistance with any particular 
capacitor. Furthermore, the large compensation required for very low resis-
tance settings is effective only over a small frequency range. 
Series compensation was investigated next. Figures 13 ~nd 14 show the 
method of placing the capacitors in series with the resistance element. A 
lead is brought out through the slide of the holder to facilitate d-e meas-
urements. Representative curves of phase-angle characteristics for series 
compensation are shown in Figure 15 (a) through (e). These curves indicate 
-21-
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Figure 10. Characteristic Phase-Angle of VHF Rheostat with Shunt 
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Figure 11. Characteristic Phase-Angle of VHF Rheostat with Shunt 
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Figure 12. Characteristic Phase-Angle of VHF Rheostat with Shunt 
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satisfactory phase-angles for resistance values as low as 20 ohms over frequen-
cy intervals of about 25 me/sec.. Six rheostats are required for the frequency 
range of 75 to 200 me/sec with a phase-angle limitation of± 11°o Five rheo= 
stats are compensated for the resistance range of 20 to 100 ohms, each covering 
a frequency increment of 25 mc/seco The sixth unit is uncompensated and is 
used over the frequency range of 75 to 200 100/sec for resistance values from 
100 to 250 ohmso Figure 15f shows the phase-angle characteristics of the un-
compensated VHF rheostato In the event compensated resistance values below 
20 ohms or less than~ 11° are required, it would be necessary to reduce the 
frequency increments which would increase the number of rheostats requiredo 
Except for erratic operation and failure of the metal film resistance 
element in some units, the VHF rheostats have been satisfactory as experimental 
models. Several units were unsatisfactory because of deterioration of the 
nickel resistance film. Nickel is very sensitive to corrosiono Metals of the 
platinum family, which are less sensitive to corrosion, have been used as 
substitutes for nickelo Osmium, a member of this family, is extremely hard 
and appears to be very adherent to glass.. Satisfactory operation has been 
obtained with several units using osmiumo Erratic operation was apparently 
caused by the rigidity of the wiper arm and imperfections in the surface of 
the glass. Improvements have been realized through modification of the wiper 
arm by slotting each fingero This makes a more flexible unit which follow& 
small imperfections in the surfaces of the resistance and collector elements. 
The use of etched glass may overcome the difficulties encountered with surface 
imperfections of smooth glass. Several resistance elements using etched glass 
as a base for the metal film appeared to give improved opera tiono 
Since the VHF rheostat may be used in circuits in which both terminals 
are above ground, it is appropriate to determine some indication as to the 
magnitude of the distributed capacity existing between the rheostat and the 
ground plane upon which it may be moun tedo For this purpose, the rheostat 
and ground plane may be considered as forming an equivalent four-terminal 
network, either rr or To The T equivalent was chosen as shown in Figure 16o 
Terminals 1 and 2 represent the physical terminals of the rheostat, adjusted 
-29= 
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to a resistance value R, and C represents the equivalent of the distributed 




Figure 16o Equivalent T-Network of VHF Rheostato 
The value of C may be determined by a well known procedure which is 
based on impedance measurements taken across either terminal pair with the 
opposite terminal pair alternately short-circuited and open-circuited. 
These measurements and subsequent calculations of C were performed on several 
of the compensated rheostats with various resistance settings and over the 
frequency range of 75 to 200 me/sec. Representative results of these measure= 
ments are shown in Table IIIo 
Columns two and three of Table III list values of C obtained from rheo-
stats with compensating capacitors of 500 mmfd and 91 mmfd respectively. Re-
sistance settings were 100 ohms in the first case and 60 ohms in the second 
case. Similar results determined from the same rheostats with different re-
sistance settings indicated insignificant variation of C with change in Re 
In general, the phase-angles of all the open-circuit measurements were 
very close to 90°. Therefore, except for extremely high frequencies, the 
-30-
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TABLE III 
T NETWORK ~DIVALENT OF DISTRIBUTED CAPACITY 
BETWEEN VHF RHEO STA 'I' AND GROUND PLANE 
R = 100 Ohms R = 60 Ohms R -== 60 Ohms 
Fre7uenc~ Compensa t.ed Com.eensa ted Compensated 
(me sec) ( c = soo miD.fCI) (C = 91 mmfd} (C = 91 mmfd 
See text) 
75 2o66 2.,85 2.83 
100 2o45 2.,56 2.66 
125 2.,44 2o83 2o83 
150 2.,62 2,77 2o79 
175 2.63 2o88 2.93 
200 2.83 2.,98 3ol2 
reactance of C is very large when compared to Ro This is illustrated by the 
values listed in the fourth column of Table IIIo These were calculated di-
rectly from only the open-circuit measurements (neglecting R) obtained during 
the preparation of the column three datao This indicates that the original 
choice between the n or T representation was inconsequential. 
B. Developmental CI Meter 
lo Introduction 
The CI Meter, developed by the Frequency Control Branch of the 
Signal Corps Engineering Laboratories, represents perhaps the highest present 
development in crystal test instruments·adapted to routine measurements. 
These units have proven to be extremely valuable in standardizing the quality 
of crystals made by widely separated manufacturing facilities., Furthermorej 
they make possible the specification of desirable design parameters useful 
to the circuit engineero The present CI Meters, which have been adequately 
covered in the literature~' 9 ' 11 operate the crystal in either the resonant 
or antiresonant modeo The equivalent resistance is determined under either 
of these conditions by the substitution of standard calibration resistors., 
=31-
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In general, this method is classified as an active system in that the crystal 
being measured is used to control the oscillator frequency.. This surmounts 
the severe requirement placed on the stability of the variable signal source 
of passive systems. It is, therefore, possible to construct a compact self-
contained instrument that is well suited for routine measurements.. Because 
of this advantage, considerable effort was directed toward development of 
an oscillator configuration which would allow extension of the CI Meter tech-
niques for measurement of crystals at frequencies beyond the range of existing 
models. 
2 ,_, Requirements 
An oscillator circuit must, in general, meet the following require= 
ments if it is to be satisfactory as a substitution type crystal impedance 
meter.. First, it must be capable of oscillating over a suitably wide fre-
quency range with crystals having widely varying equivalent resistances. 
Second, the level of oscillation must be subject to external ~ontrol and ade= 
quate amplitude stability must be obtainede Third, the selectivity of the 
resonant circuits external to the crystal must be sufficient to reduce the 
harmonic currents in the crystal loop to a negligible minimum. Fourth, in 
order to obtain accurate measurement of the crystal resistance, the oscillator 
grid current must vary as rapidly as possible with changes in crystal ·resis-
tance so Fifth, the crystal-controlled frequency of the oscillator should be 
relatively insensitive to detuning of the associated LC circuitso In addition, 
there are other minor requirements which apply to specific components and to 
circuit details .. 
The upper frequency limit of the present VHF CI Meter, 11ilitary Noo TS-
683/TSM, was recently established at approximately 100 me/sec with marginal 
operation possible up to 125 mc/sec. 7 Circuit studies indicate that this 
frequency limitation is primarily a result of the tube transit-time effects at 
high frequencies which cause input-output phase shift and input loading. At 
frequencies near 150 me/sec these effects can reduce the actual circuit gain 
to about 30 per cent of the calculated low frequency value. 8 It is~ therefore, 
evident that additional circuit gain must be provided to increase the upper 
-32-
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frequency limit. A survey of possible tubes led to the conclusion that none 
of the presently available high frequency pentodes would provide a suitable 
gain margin for operation up to the target requirement of 200 me/sec for 200-
ohn1 crystals. 
3. Two-Tube Development CI Meter 
Qne possible modification of the line-coupled or CI.Meter·circuit to 
obtain improved high frequency operation is shown in Figure 17 where two 
stages of amplification are used' to increase the loop gain., Two obvious 
difficulties associated with the practical realization of the circuit con-
figuration are proper tracking of the tuned circuits and increased loop·:"; 
phase shift caused by the use of two tubes. Because the gain at the inter-
stage network need not be greater than about four or five to insure reliable 
operation, the Q of L1 .may be relatively low, thus simplifying circuit tuning. 
Quantitative data o:B the magnitude of the phase shift are not available for 
modern tubes. One reference~ however, indicates that for the WE type 713-A 
tube the phase shift due to input-output transit time may be as great as 
0.3°/mc., This tube is not greatly different f~om the present type 6AK5, and 
the value of Oo3°/rnc may be accepted as a rough approximation for modern 
tubes~ At 150 me tha total input=output phase shift for both tubes will be 
near 90°, and it is immaterial whether or: not a phase reversal is provided at 
t 1 ,as equal detuning would be required in either case to give zero loop phase 
shift. 
a. Experimental Modelo It appeared that the·practicality of this 
circuit could best be determined on an experimental b~sis and a breadboard 
model was constructedo In the initial version of this circuit no phase :·rever-
sal was provided at L:J_, since the excess phase 'resulting from input-output 
transit time was sufficient to permit oscillation at the desired frequency 
with only moderate detuning of the plate and grid inductors. No attempt was 
made to gang-tune'the inductors as only single-frequency operation·was con-
templated., Some idea of the magnitude of the excess phase caused by transit 
time may be obtained by noting that with all three resona:qt circuits tuned 
to 135 me, the circuit would oscillate with a 67-ohm resistor in the crystal 
-33-
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NOTE: ALL RESISTORS IN OHMS 





Figure 17. Two-Stage Line-Coupled Oscillator. 
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socket at 144 me. In this case, the circuits were tuned using a Measurement 
Corporation Model 59 Grid Dip Meter with plate and filament voltages applied 
and with the crystal socket open circuited. 
The circuit was later modified to provide a phase reversal at 1
1
• To 
accomplish this reversal, a bifilar transformer was substituted for the coil 
shown in Figure 17. Very nearly equivalent operation was obtained except for 
a difference in tuning. In this latter case, the plate and grid coils were 
tuned to 135 me with the crystal socket open as before, and the circuit oscil-
lated at 132 me with a 67-ohm resistor in the crystal socket. This indicates 
the required opposite detuning of L and L in order to obtain oscillation p g 
at the resonant frequency of the crystal. Oscillations were obtained in this 
unit with substitution resistors well in excess of 200 ohms. 
The verification of the possibility of using the tube transit time and 
detuning to obtain the proper loop phase relations led to the desirability 
of determining experimentally the possible frequency range of an oscillator 
using this principal. A prototype oscillator was constructed utilizing a 
three-gang Mallory Spiral Inductuner for the ~riable inductances. The tubes 
and circuits were physically mounted on the inductuner enclosure itself in 
order to maintain short lead length and convenient ground points. The in-
ductuner was modified by removing the last turn of the center spiral section. 
This modification provides the correct interstage inductance at approximately 
the midpoint of the 70- to 200-mc range. As in the breadboard unit, no phase 
reversal was provided in the interstage network. The circuit was essentially 
that of the breadboard shown in Figure 17. Oscillations were ob'tained through-
out the frequency range of 70 to 200 me/sec with substitution resistors well 
in excess of 200 ohms. Although somewhat surprising in view of the high gain 
of the two-tube circuit, there appeared to be no tendency toward self-oscil-
lation over any portion of the frequency range when the crystal or series 
resistor was removed. 
b. Evaluation Models. The information gained concerning the oper-
ation of the prototype model was utilized in the construction of three evalu-
ation models using the two-tube line-coupled configuration. The first or 
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interim.modelj shown in Figure 18, was delivered to SCEL in February 1955, 
and the two remaining units shown in Figure 19 were constructed and delivered 
in April 1956. While there are some mechanical differences in the tuning 
arrangements and in the power supplies, the oscillator circuitry of the units 
are similar as are the performance characteristics. Appendix A contains a 
complete schematic diagram of the final models., The various curves and tables 
that follow are from data obtained with the two final units and represent the 
average response of these units. 
For equivalent crystal series resistances of 10 and 220 ohms, the activity 
of the Developmental CI Meter, as indicated by the grid-current curves of 
Figure 2~ varied smoothly throughout the frequency range and reached a maxi-
mum activity peak near 140 mc/seco This is in agreement with the modification 
of the center spiral of the inductuner which was set to track properly at this 
point. 
Since tube transit-time phase shift is controlled to a large extent by 
the screen voltage, it would be expected that oscillator detuning would occur 
with screen-voltage variations. This was evident in that correct phase re-
lationships for crystal-controlled oscillation are lost with screen-voltage 
variations of greater than 50 Vo However, changes on the order of 20 v or 
less gave satisfactory results as shown in Table IVo These measurements 
TABLE IV 
STABILITY OF TWO-STAGE LINE-COUPLED OSCILLATOR 
Varied 
Freguencz Screen Potential Plate Potential Voltage Stabilitx 
(me) (volts) (volts) (ppiii/v) 
130.83 105 160-200 plate 0.,12 
130.83 90-110 180 screen 0.30 
89.00 105 160-200 plate 0.02 
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were made on the interim unito Stability with respect to plate-voltage var-
iations is excellent as would be expected using pentodes. 
Target requirement 3b specifies that the level of radio-frequency power 
dissipated in the crystal units shall be adjustable at least within the limits 
of 0.2 and 10.0 mw. 
While there is some question of circuit disturbances due to the loading 
of voltmeters used in making power measurements, it is possible through logi-
cal reasoning to establish test procedures which will indicate that the power-
level requirements are being met on an 11at least" basis .. 
In Figure 21, R represents the equivalent series resonant resistance of 
X 
the crystal, and A represents the total admittance from point B to ground, 
g 
not including the 68-ohm line terminating resistoro This admittance may come 
68 
Figure 21 o Simplified Crystal Circuit 
for Power Measuremento 
from the grid line, circuit stray capacitance, or meter loadingo 
In the case of the upper power requirement of 10 mwj a minimum voltage 
E
0 
from point A to ground can be determined so that 10 mw will be dissipated 
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in a given R assuming that A is zero. It is obvious that any actual value 
X g 
of A other than zero will insure a dissipation of more than 10 mw in R 
g X 
when the calculated minimum point A voltage is observed. When R equals 
X 
10 ohms, the minimum point A voltage is 2.46 v. When R equals 220 ohms, the 
X 
minimum point A voltage is 1.94 v. 
The minimum power target requirement of 0 .. 2 mw was indicated by the use 
of a calibrated Advance Phase Meter. This instrument will indicate the radio-
frequency voltage difference between two terminals of a balanced input probe. 
Bridge measurements on this probe indicated that the admittance between the 
two terminals is very small compared to 200 ohms and that the admittance from 
each terminal to ground is the equivalent of about 5 mmfd. 
Now, if a maximum point-A-to-point-E voltage is determined which will 
indicate a dissipation of not more than 0.2 mw in a given R , and if a volt-x 
age equal to or less than this is observed on the Advance Meter, and, if the 
circuit will continue to oscillate sufficiently close to the same frequency 
with the meter removed, then it is assured that the power dissipated between 
points A and B of the circuit was originally less than 0.2 mw by at least 
the amount of power absorbed by the meter. A voltage of 0.04 v across an 
R of 10 ohms would indicate a power dissipation of 0.2 mw. 
X 
The maximum r-f power available for dissipation is shown by the curves 
of Figure 22. These curves indicate the relative power in terms of the driv-
ing voltage E of Figure 21. The voltage necessary to dissipate at least 
0 
10 mw in the equivalent resistances are shown by the dotted line for the 
10-ohm case and the dashed line for the 220-ohm case. It is apparent that 
at least 10 mw can be dissipated over a frequency range of 75 to 200 me for 
the 220-ohm resistance and 75 to 180 me for the 10-ohm resistance. At least 
6 mw can be dissipated in the range 180 to 200 me for the 10-ohm case. 
The resetability requirements of the substitution method of crystal re-
sistance measurements make desirable a relative magnitude of at least 2 to 
1 between oscillatory and quiescent grid-current. As this relationship be-
comes critical at the minimum power requirement, it is shown by the dashed 
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activity versus frequency for equivalent series resistances of 10 and 220 
ohms is plotted for the minimum power requirement of Oo2 mwe The Oo2 mw 
mininnm power dissipation was also measured by the "at least" method des-
cribedo As can be seen by the curves, the 2 to 1 grid-current relationship 
could only be imposed over a frequency range of 75 to 180 me for the 220-
ohm resistoro However, the oscillator operated with a crystal dissipation 
of Oo2 mw or less over the range of 180 to 200 me even though it failed 
to meet the twice quiescent grid-current criteriao This indicates, for 
systems of measurement other than the substitution method, that the oscil-
lator may be satisfactory over the entire range of 75 to 200 mco It is of 
interest to note that the quiescent grid-current is considerably reduced 
when the 6AKS is replaced by its premium version, the 5654o 
In order to obtain accurate measurement of the crystal resistance, the 
oscillator grid-current should vary as rapidly as possible with changes in 
crystal resistanceo Figure 24 shows the change in grid-current or activity 
that occurs as the substitution resistance is changed for each of several 
frequencies~ It is evident that, for frequencies below approximately 180 
me/sec, the grid-current change is at least 1 ~a/ohmo This is satisfactory 
for determining the crystal resistance within the target specifications of 
± 5 ohmso 
Excessive harmonic or distortion components, when passed through the 
resistor or a substitution type CI Meter, would require a resistance dif-
ferent from the true R to give the same grid-current reading obtained with 
e 
a given crystal at resonanceo It is 3 therefore, necessary that the selec-
tivity of the resonant circuits external to the crystal be sufficient to 
reduce the harmonic currents in the crystal loop to a negligible minimumo 
The Developmental CI Meter contains a total of three resonant circuits but the 
inherent selectivity of the circuits is not realized because of the detuning 
required to obtain the correct loop phase relationshipo 
Measurements were made of the signal harmonic distortion of both the 
Developmental CI Meter and the TS-683/TSM for comparisono The test setup, 
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Two-Tube HP VHF 
CI Meter Signal 
or Generator 
TS-683/TSM Model 6o8C 
Adjustable Attenuator Crystal 
Cavity Mixer 
Go Ro Unit 
IF Amplifier 
Type 1216=A 
Figure 25., Test Setup for Harmonic Measurementso 
General Radio 874~~R Crystal Mixerj and a General Radio type 1216~A unit IF 
Amplifier for determining the relative signal levelsa An adjustable cavity 
is used to assure that only the desired signal components reach the mixero 
The test signal and the local oscillator signal are mixed, and the resulting 
difference frequency is amplified and detected in the Unit IF Amplifiero The 
relative fundamental and harmonic signal levels were recorded over the range 
of possible frequencies~ equivalent crystal resistancesj and drive levels 
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in both the TS-683/TSM and Developmental CI Meters. The curves of Figures 26 
and 27 are typical of the results obtained at each test frequency. The meas-
urements indicated that the signal from the developmental oscillator contained 
larger second- and considerably larger third-harmonic components as compared 
to the signal from the TS-683/TSM. In general, for a given output voltage, 
the second- and third-harmonic components of the TS-683/TSM had an average 
magnitude of 1.5 per cent of the fundamental while the developmental oscil-
lator exhibited approximately 2 per cent second- and up to 5 per cent third-
harmonic distortion. 
The significance of the holder capacity C
0 
at frequencies above 75 me 
has been evaluated by several authors and it is generally concluded that 
meaningful results are obtained only when the equivalent resistance R1 of 
the motional arm is measured. 2,4,14,l5 Using the substitution method, the 
Developmental unit measures Re rather than R1 unless C0 is antiresonated. 
A series of slug-tuned inductors mounted on HC-6/U bases were supplied 
with the interim Developmental CI Meter for the purpose of antiresonating 
the crystal holder capacity, C
0
• In order to allow for future use of the 
delivered unit with a bridge-measuring system under development, a separate 
socket for the plug-in inductors was not built into the unit. Instead, a 
plug-in double socket is provided for use when C must be antiresonated. 
0 
The inductors and double socket are shown in Figure 18. 
Several methods of adjusting the inductors to the correct value are 
available. One method consists of adjusting the inductance for minimum grid-
current and adjusting the frequency of the oscillator for maximum grid-cur-
rente This method appeared unsatisfactory in many cases in that only a 
small change in grid-current was evident when C
0 
was correctly antiresonated. 
A second method that appeared more satisfactory is described in detail. An 
inductor covering a frequency band which includes the frequency of the crystal 
under test is selected. Both the inductor and· the crystal are inserted into 
the crystal socket of the CI Meter by using the double socket provided. The 
oscillator is tuned through a peak grid-current at the crystal-resonant fre-
quency and a dip at the C -inductor antiresonant frequency. Since C may 
0 0 
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inductor in order to bring the antiresonant dip near ~nough to the peak of 
I 
crystal resonance to be within range of the tuning slugo The inductor is 
then tuned to center the grid-current dip about the crystal-resonant peak. 
C
0 
is now antiresonated within the allowable error if the grid-current dips 
to an equal value on each side of crystal resonanceo The relationship be-





Activity Curve With C AntiresonatedQ 
0 
The dashed curve is the activity curve or grid-current indication as the 
oscillator frequency is tuned through the peak of crystal resonance with 
C not antiresonatedo The heavy curve follows the grid-current path when 
0 
C is adequately antiresonated (as indicated by the dip) to equal values on 
0 
each side of crystal resonance. The light lines trace the grid-current path 
that would occur if either the crystal impedance or the antiresonating imped-
ance could occur independentlyo The current dips on each side of resonance 
may be slewed slightly in the direction of the activity curve slope for 
greater accuracy. However» the broadness of the antiresonant dip, due to 
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the sh~ting action of the equivalent crystal series resistance, makes this 
unnecessary within the desired accuracy requirements. The point of correct 
adjustment may be checked by comparing the crystal frequency at series re-
sonance with the frequency at minimum impedance. If C is completely anti-
o 
resonated, these frequencies should be identical. 
With the exception of the related power and control circuits, the cir-
cuitry and components of the Developmental CI Heter are physically mounted 
on the modified inductuner enclosure itself as shown in Figure 29. In order 
to minimize ground-lead r-f currents, the center posts of the tube sockets 
are connected directly to the inductuner ground plane, and these two points 
are used as central ground points where possible. The successful operation 
of the two stage line-coupled oscillator with its high gain is dependent to 
a large e~tent upon the physical arrangement of the components as shown in 
Figures 30 and 31. This arrangement permits extremely short leads and pro-
per shielding or isolation by the various sections of the circuit. Small 
disc ceramic capacitors were connected directly from the tube-socket ter-
minals to the center-post ground point for bypass purposes. "Dog bone" 
ceramic capacitors were found to be unsatisfactory for this purpose because 
of resonant effects but were used at other points because of the unavail-
ability of particular value disc capacitors. All power and control leads 
are bypassed at the inductuner enclosure with ceramic feed-through capaci-
tors, which serve as mounts for the various decoupling resistors and chokes. 
The power supply converts the 115 v a-c to the required d-e plate and 
screen voltages. These d-e voltages are regulated by two V-R tubes. An 
external control is provided for adjustment of the screen voltage as a 
method of controlling the drive or power dissipated in the crystal. The 
frequency of the oscillator is varied by tuning the inductuner through a 
suitable gear reduction to provide the necessary vernier adjustment. A sen-
sitive d-e meter is provided, with a variable shunt, in order to indicate 
relative activity at high as well as at low drives. A coax:ial jack provides 
a sample of the r-f energy for frequency-measuring purposes. The entire unit 


























Figure 29. Interior View of Developmental CI Meter. 
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Figure 30. Top View of Developmental CI Meter Construction Details. 
Figure 31. Bottom View of Developmental CI Meter Construction Details. 
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C. C!Ystal Parameter Bridge 
1. Introduction 
Rosenthal and Peterson13 describe a method of determining the re-
sonant frequencies of a crystal by measuring the phase-angle of the crystal 
self-impedance. A cathode ray oscilloscope is connected across the crystal 
of a suitable test oscillator and the oscillator tuning is varied until zero 
phase-angle is observed. Oscilloscopes have been used for phase measurements 
with good accuracy at low frequencies, but the upper frequency limit of such 
devices is too low for the frequency range of present interest. A thorough 
search of the literature failed to reveal any highly satisfactory method of 
phase measurement which would be applicable to crystal measurements at fre-
quencies above 75 me/sec~ The high frequency limitations are primarily caused 
by the unequal voltages occurring at the crystal terminals and by the reactive 
loading effects of the crystal termination. However, to determine operation 
at resonance, it is not necessary that the phase system be capable of meas-
uring the actual phase difference between two unknown and unequal voltages. 
It is only necessary to determine the unique condition of zero,crystal phase-
angle. 
The bridge configuration~ Figure 32j is one of the most widely used 
1neans of determining this condition at r=f frequencies. When such a bridge 
is adjusted for balance, the potential appearing at b is equal to that at d 
in both magnitude and phase and no current flows through balance indicator Me 
This condition requires that the ratio z1JZ2 : z3;z4 where z1, Z2 , z3, and 
z4 are vector quantities. 
A bridge configuration of this typeJ designated as the Crystal Param-
eter Bridge, is utilized in the method described. The bridge~ in conjunction 
with an oscillatory circuit~ enables direct measurement of the equivalent 
parameters of a VHF quartz crystalo Although considered primarily for use 
in an active system, the bridge is readily adaptable to passive measuring 
systems. 
=54= 
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b 
d 
Figure 32. Basic Bridge Configuration. 
2.. Capabilities 
The system described combines the passive and active systems of 
Chapter IV, Section B by utilizing an oscillatory circuit and the Crystal 
Parameter Bridge in such a manner as to allow the crystal being measured 
to also control the frequency stability of the oscillator. The bridge cir-
cuit including the crystal under test is inserted, as a series element, in 
the low impedance feedback path of any self-controlled oscillator suitable 
for exciting a resonant frequency of a quartz crystal operating in the series 
mode. When the oscillator is tuned near or at one of the crystal resonant 
frequencies, it is stabilized by the increased portion of the feedback that 
passes through the crystal arm of the bridge.· The oscillator ma.y, therefore, 
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be considered as supplying a stabilized signal source for operation of the 
bridge near the resonant frequencies of the crystalo 
The resulting combination retains many of the advantages of both the 
passive and active systems and yet eliminates major disadvantages of each, 
among these are the following: 
1. Eliminates the passive system requirement of a very stable 
signal source; 
2. Retains the bridge measurement system which is normally re-
stricted to passive systems; 
3o Enables all the equival~nt circuit parameters to be measured 
directly) 
4. Retains the simplicity of active systems in making routine 
measurements of R and f ; e r 
5. Allows present active systems such as the CI Meters to be 
used with a nplug-in'' bridge arrangement; 
6. Eliminates, except for the frequency-measuring unit, the need 
for all auxiliary equipment required in both passive and ac-
tive methods; 
7. Utilizes the crystal phase and voltage relationship rather 
than some other circuit parameter to assure operation at re-
sonance, series resonance, etc.; 
8. Gives a greater range of the companion oscillator than the 
substitution method does because the parallel feedback paths 
of the bridge permit decreasing the effective feedback resis-
tance below that of the crystal impedance alone; 
9. Utilizes the bridge null or dip method of adjustment which 
usually yields the best accuracy; 
lOe Provides a simple and direct adjustment procedure because 
variables are adjusted to produce a null on the same indicatarj 
and 
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11. Allows compensation of circuit stray reactances, which may 
change in the substitution system but remain fix:ed in the 
bridge method. 
Although capable of measuring all the parameters of a given resonator 
operating at resonance, the operation of the Crystal Parameter Bridge 
(shown schematically in Figure 33) may be best ·understood when employed for 
the simple case of determining the equivalent resistance R of a crystal 
e 
operating at the resonant frequency f • For this case the capacitors C r v 
r--------1 OSCILLATOR 1---------r 
- . 
Figure 33. Crystal Parameter Bridge Schematic. 
and C. are set at equal near-minimum capacities or removed entirely from 
l. 
the circuit, and all stray reactances are balanced or compensated. R is 
v 
a variable resistance containing no reactive components, and Ra and ~ are 
passive impedances of any type but are matched in the frequency range of 
interest for equivalence in both magnitude and phase angle. 
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Resistor Rv is initially set to its minimum resistanc~ position and the 
oscillator is tuned until crystal c9ntrol is effected. This point is shown 
by a sudden dip in the null indicator reading and is the result of the change 
in degree of unbalance due to the lowered crystal impedance near resonanceo 
The vector relationship existing at this time is shown graphically in Figure 
34~,where VR is the potential drop across Rv' Vc is the drop across the crys~ 
tal and ¢RC is the phase angle between the two potentials. The relative 
Figure 34. Vector Relationships. 
magnitude of the vector difference, Vc - VR may be read directly on the 
balance meter. Now if the resistance Rv is increased, the voltage VR will 
increase in magnitude until the meter reading (Vc - VR) indicates a minimum. 
At this point VR is nearly equal in rna.gni tude to V c, as shown in Figure 34b., 
Retuning the oscillator until a minimum reading is again obtained will bring 
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the phase difference between Vc and VR to almost zero.* Repeating the process 
of alternately tuning the oscillator and R for a minimum brings each suc-
v 
cessive dip closer to zero until the bridge is brought into balance and 
V c - VR :. 0. At this time the crystal is operating at minimum zero-reactive 
impedance which defines operation at the resonance frequency ! . R is equal r v 
to the equivalent resonance resistance Re of the crystal and may be read di-
rectly if R is calibratedo 
v 
In a similar manner, the series arm resistance R1 and the series resonant 
frequency f may be determined. This is accomplished by initially balancing 
S 
the holder capacity C with an equal capacity C across R • I! C is cali-o v v v 
brated, the value of C
0 
may be determined directly. 
In the VHF range the most severe requirement of a practical bridge system 
is that imposed on the variable resistor R • This resistance nust exhibit v 
near zero reactance over the frequency range of interest. Such resistances 
have been developed and several experimental set·s exhibiting a satisfactory 
phase-angle have been constructed. These sets covering a frequency range 
of 75 to 200 me and a resistance range of 20 to 200 ohms are described in 
Chapter v, Section A. 
If the secondary effects caused by spurious responses, crystal mounts, 
and stray reactances are disregarded, the conventional equivalent circuit ot 
a quartz crystal is as shown in Figure 1. The network is completely specified 
by the four parameters L1, c1, ~l and C0 from which other convenient param .. 
eters may be derived. 
The bridge configuration of Figure 33 is capable of directly revealing 
these four fundamental parameters as well as several of the derived parameters. 
* Although tuning of the oscillator causes the magnitude of V to vary to 
some e·x:tent, Figure34c, the effect on the vector difference, a! read by the 
balance indicator, is small compared to that produced by the phase change 
and the apparent operation is as described. 
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. Let ros resonant frequency of the series arm in radians 
and relating the quality factor Q1 by 
• 
Now the expression for the admittance at any frequency ro may be written as 
1 -+ jc£0 • 
j(r~~T~ - - 1-) 
-l u:Cl 
Substituting equations 1 and 2 in equation 3 and reciprocating, 
Rationalizing equation 4, the real part, 
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Solving equation 6 for Q1 by the quadratic formula yields 
Substituting the crystal figure of merit 








Although equation 11 is double valued, it can be shown that the proper 
value is obtained when the negative sign is taken. 
The analysis su.gge.sts the following procedure for utilizing the bridge 
and companion oscillator to determine the desired parameters. 
1. With the variable resistor R and the crystal removed from the v 
bridge and with c1 set close to minimum, balance with Cv as 
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the variable at a frequency near series resonance fs. 
C will then equal C .• 
v ~ 
2. Place the crystal in the bridge,and at~ frequency adjacent 
to f such that the admittance of the series arm in insignifi-s 
cant when compared with that of C , rebalance the bridge with 
0 
C • The 6C equals C • v v 0 
3. With R placed in the circuit, rebalance with R and the fre-v v 
4. 
quency as variables. This yields f and R = the series arm s v 
resistance R1• 
Decrease C by ~C of step 2 and rebalance with R and the 
v v v 
frequency as variables. This gives the resonant frequency f , 
r 
and R = the resonant resistance R • v e 
Substitution of the measured parameters C
0
, R1, fs' and fr in equation 11 
(11) 
where M ::: l/o£
0
R1 and M = fr - fs' yields Q1 from which we get L1 and c1 
since 
(2) 
The series arm resistance,inductance,and capacitance R1, 11, and c1 and the 
shunt capacitance C have now been determined as well as the resonant fre-
o 
quency f , the series resonant frequency f , the resonant resistance R , the r s e 
quality factor Q1, and the figure of merit M. 
The quantity Q1 may also be uniquely determined from the known factors 
together with any frequency on the admittance circle· other than· that 
of series resonance. For the admittance circle to cross the real axis at 
points other than those of the series resonance and tangency cases requires 
-62-
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0 <co C R1 < 1/2 q q 
where C may be any portion of C that is not neutralized by C • It is known q 0 v 
that some crystals operating at higher overtones do not exhibit an inductance 
characteristic unless some portion of C is antiresonated or neutralized. 
0 
For these crystals, it will be necessary to use 6,0 = C < C in order that 
v q 0 
the remaining parameters can be determined. A decrease in C of £::£ = C 
v v q 
from the balanced condition of step 3 requires rebalance of the bridge and 
determines a new frequency ooq. Substituting this frequency, Cq' R1, and oo8 
in equation 11 allows determination of the necessary parameters with the 
exception of R and f • e r 
The term (co/ co - co /co) or its frequency counterpart s s 
(12) 
may be approximated to simplify the calculation of the equivalent electrical 
parameters by equation 11. 
Let 
f = f + M s (13) 
where f is the frequency at series resonance and f is the frequency obtained s 
with AC (either f or f ) • v q r 
Substituting equation 13 in expression 12 gives 
f + Ll.f s f s 
f + 6f s 
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Now 
and 
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2 '7 7 L\f. 
f s 
f s 
' L}.f > ?' 1. 
Therefore,expression 15 may be written to a good approximation as 





The validity of the approximation may be established by requiring that 
the approximation remain within r P per cent of the actual value and deter-
mining the restrictions that mst be placed on the difference frequency Af. 
The relationship between expressions 15 and 18 then is 
(1 ± P%) (2 + r) (19) 
s 
Solving for Llf yields 
2f ( :1: P%) 
s = ~1~;-P~%- (20) 
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If P is required to be less than ± 0.1 per cent within the frequency range 
of 50 to 200 me/sec, then ~f equals approximately 100 kc/sec for the most 
severe case where f = 50 me/sec and P = + 0.1 per cent. Since, in practice, 
s 
the factor Af will rarely exceed several kc/sec and the error of 0.1 per cent 
is small compared to the measurement error existing in other terms of equation 
11, the approximation is considered valid. 
3. Developmental Model 
Several experimental models of the Crystal Parameter Bridge, shown 
schematically as Figure 33, were constructed to gain information as to the 
possible limitations when used to measure high frequency overtone crystals 
with large equivalent resistances. 
Since the bridge can be used in conjunction with any one of several 
different oscillators, it appeared desirable to construct the experimental 
bridge models as separate units. For this reason the models, including a 
suitable detector, were constructed as small self-contained units similar to 
a probe which could be plugged into the oscillator crystal socket. The 
rectified output of the detector was fed by cable to an external balance 
indicator. The physical separation of the oscillator and the bridge is advan-
tageous in that various bridge configurations can be tested independently of 
the particular oscillator used. As an end product, this arrangement also 
seems desirable in that one bridge and balance indicator could serve any or 
all of the present or proposed CI Meters. One possible disadvantage of this 
system not yet investigated is the effect at higher frequencies of the in-
creased strays introduced by the plug-in arrangement. 
The Minneapolis-Honeywell Electronik Null Indicator has been selected 
for use as a balance indicator. This particular null indicator was selected 
because of its high sensitivit~ overload protection and self-contained power 
supply. 
Because of its lumped-element form, the practical operation of the first 
model appeared to be limited to frequencies below 175 me. The physical lay-
out and construction apparently imposes the fundamental limitation. The 
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short lead lengths necessary to eliminate stray reactances require placement 
of the elements in such close proximity that the cross-coupling between ele-
ments and between the oscillator and the null detector greatly impairs the 
accuracy. Adequate shielding eliminates this problem to some degree, but 
the charging currents due to the added capacity to ground greatly reduce the 
sensitivity and sharpness of the null balance. In later models both the com-
ponents and their arrangement were varied in an attempt to minimize stray 
reactance and cross-coupling and yet retain accessibility to the various ad-
justments. Of the several models, one in particular indicated exceptional 
promise, and produced satisfactory results which greatly exceeded those of 
the other models. The pyramidal shape of this model (shown in Figure 35) 
resulted from an attempt to eliminate cross-coupling. This was done by 
arranging all of the components in such a manner so as to be as nearly per-
pendicular to one another within the limits set by requirements of size, 
accessibility, and short-lead-length. The grounding banana jack B1 of Figure 
35 B may be used in position M1 or M2• This dual position allows the bridge 
to be used in either direction in the TS-683/TSM as Developmental CI Meter. 
This was done for several reasons in the prototype model. First, it was 
necessary because of the physical positions of the dial and tuning knob of 
the TS-683/TSM. In addition, it allowed a check of the bilateral and ~­
metrical characteristics of the bridge. Since the position of the crystal and 
the VHF rheostat may be interchanged and the direction of current travel through 
the bridge may be reversed, then Ci and Cv of Figure 33 may correspond to either 
c1 or c2 of Figure 35, and R1 and R2 may correspond to either Ra or ~· The 
remaining components are shown schematically in Figure 36 where c
3 
and c4 are 
the signal pick-off capacitors, Y1 the detector and R1, R2, c5, and c6 provide 
the necessary filtering and isolation for the null indicator. 
~wo prototype units utilizing this particular arrangement were constructed 
and delivered to SCEL for evaluation. Figure 37 pictures this unit when used 
with the TS-683/TSM and Figure 38 shows the bridge when used in conjunction 
with the Developmental CI Meter described in Chapter V, Section B. 
The resonant frequency and the resistance of a group of crystals were 
measured, using the Crystal Parameter Bridge and the Developmental CI Meter, 
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(a) TOP VIEW 
(b) BOTTOM VIEW 
Figure 35. Prototype Model of Crystal Parameter Bridge. 
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Figure 36. Balanced Detector Schematic. 
for the purpose of checking the bilateral and symmetrical characteristics of 
the bridge.. In order to assure accurate results with the bridge~ the crystal 
and resistive branches must necessarily be ~mmetrical.. If symmetrical~ then 
the same frequency and resistance measurements should be obtained when the 
crystal and VHF Rheostat are interchanged.. By interchanging these two plug-
in components and comparing the resulting difference measurements~ a relative 
measure of the symmetry can be obtainedo Table V shows the results obtained 
with a group of crystals measured in this mannero The columns LlF and AR 
e 
show the change in measurements occurring when the crystal and the rheostat 
























































Figure 38. Crystal Parameter Bridge with Developmental CI Meter. 
Final Report, Project No. A-151 
TABLE V 
CHECK OF BRIDGE SYMMETRY 
Crystal 
R AR Number Frequencl e bF e 
(me/sec) (ohms) (cps) (ohms) 
RCA-187 93.463601 105 + 36 + 3 
Z-22 103.710849 85 - 93 - 1 
Z-35 98.677824 44 -175 0 
Z-46 120ol72340 44 + 7 - 1 
GT-1 113.476528 80 + 8 - 1 
GT-3 99.800618 51 +55 0 
the bridge is satisfactory in this respect. The bridge was then connected so 
that the direction of signal travel through the bridge was reversed, and the 
frequency and the resistance of the crystals were again measured. ·The meas-
urements obtained in the original direction and the frequency and resistance 











DEVEIDPMENTAL CI METER MEASUREMENTS FOR 
REVERSED SIGNAL DIRECTION IN BRIDGE 
R Frequencl e AF 
(me/sec) (ohms) 1CPSJ 
93.463601 105 +478 
103.710849 85 +602 
98.677824 44 - 90 
120 .. 172340 44 + 42 
113.476528 80 -122 
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is apparent that although the frequency deviation is within the desired ac-
curacy, the change in measured R is not. From the limited number of meas-
e 
urements made, no correlation could be obtained between the crystal param-
eters and the R deviations. The crystals were then measured in the same 
e 
manner using the bridge with the TS-683/TSM. The resistance deviations, as 











TS-683/TSM !4EASUREMENTS FOR REVERSED 
SIGNAL DIRECTION IN BRIDGE 
R Frequency e AF 
(me/sec) (ohms) {cps) 
93.463735 111 + 194 
103.710846 91 - 98 
98.677540 46 +384 
120.172364 48 -110 
113.476859 90 -627 










The causes of these discrepancies have not been entirely determined but 
the major contributing factors have been isolated. In the bridge, the VIW 
Rheostat is used in a manner such that both terminals are above ground. Under 
these conditions, the rheostat exhibits the characteristics of an equivalent 
four-terminal device as described in Chapter V, Section A3c. Measurements 
indicated that the distributed reactance existing between the rheostat and 
ground was essentially capacitive and that the magnitude of the capacity was 
approximately 1.25 to 1.5 mmfd for the equivalent n network. The effects 
of this four-terminal capacity for both directions of signal travel may be 
understood by reference to the bridge of Figure 33 and considering R in 
v 
terms of the equivalent tt network. This, in effect, places a stray capacity 
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C of approximately 1.5 mmfd from terminal a to ground and an equivalent ca-a 
pacity Cd from terminal d to groundo If point a is considered as the input 
to the bridge, then Ca appears across R1 and does not effect the bridge bal-
ance. However, Cd a~pears across the series combination of Rb and R2• The 
signal voltage appearing at d, therefore, is primarily controlled by the 
divider action of the resultant Rv' Cv impedance and the Rb' R2, Cd impedance. 
Since a capacity equal to Cd does not occur at terminal b, the potential at 
this point would not equal that at d and the null indicator would not indicate 
true balance. Variation of R and frequency would determine a false balance v 
indication and consequently a false value for frequency and R • If the termi-
e 
nal C is considered as the input to the bridge (equivalent to reversing the 
bridge), then Cd appears across the Rv' Cv~ R1 impedance and the signal vol-
tage is controlled by the divider action of the R impedance and the R , C , -0 v v 
R1, Cd impedance. Variation of Rv will again produce a false balance indi-
cation for still another indicated value of frequency and R • It is, there-
e 
fore, evident that the rheostat stray capacity is capable of causing the var-
iations of Table VI. The results of Table V support this contention since 
interchanging the crystal and VHF Rheostat also interchanges the n network 
stray capacity and no change in measurements would be expected. An additional 
experimental verification of this difficulty is obtained when a second VHF 
Rheostat is used in place of the crystal. This places a capacitor at b equal 
to that at d. At balance, the resistance settings of the two rheostats agreed 
for both directions of signal travel through the bridge. 
Although the stray capacity is actually dis~ributed throughout the rheo-
stat, its effect closely approximates the rr configuration in practice. This 
was shown experimentally by placing at terminal b a small variable capacitor 
adjusted to equal Cd. Measurements made on several crystals under these con-
ditions agreed regardless of the direction of signal travel through the bridge. 
From the above discussion, regardless of the direction of signal travel, 
it seems errors would occur due to the existance of Cd. However, it was noted 
that one direction of signal travel gave results that were consistant with 
those obtained by other measurement methods. This direction, called the for-
ward direction for identification, is the direction obtained when the 
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oscillator output is injected into the crystal-VHF Rheostat common terminal. 
Depending on the relative magnitudes of the terminal a to d and terminal d 
to c impedances, it is evident that the error due to Cd obtained for one 
bridge direction may be considerably smaller than that obtained for the op-
posite direction. The curves of Figure 39 show experimentally that this 
situation did exist and that a small but acceptable error in the measured 
R occurred in the forward direction while a large unacceptable -error occurred e 
in the reverse direction.. Although not shown, the frequency deviations for 
both directions remained within the 0.001 per cent limitations. These curves 
were obtained by measuring the crystal resistance over the complete power 
range for both the forward and reverse bridge directions. The measuren~nts 
were then repeated with varying amounts of capacity, up to 15 mmfd, added to 
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capacity and 15 mmfd illustrate the relative error obtained for the two bridge 
directions. 
Several attempts lvere made to reduce the "four-terminal11 capacity of the 
VHF Rheostats but all were unsuccessful in that a significant reduction could 
not be obtained. However, it was concluded from the above experimental re-
sults that the bridge, when used in the forward direction, would allow accept-
able measurements to be made. This conclusion was further substantiated by the 
comparative measurements of the following discussion. 
4. Comparative Crystal Measurements 
Because precise standards for measuring crystal parameters above 
100 me/sec are presently unavailable, the probable accuracy of the bridge 
method was determined on a comparative basis. Twelve overtone crystals and 
their frequencies and equivalent resistances, as measured by several different 
methods, were furnished by SCEL for test purposes. These crystals ranged in 
frequency from 100 to 180 me and in resistance from 15 to 170 ohms. The units 
were measured in the Crystal Parameter Bridge in conjunction with the Devel-
opmental CI Meter, and the results were compared with those obtained at SCEL. 
The frequencies and equivalent resistances~ as shown in Table VIII, are not 
those obtained by any one SCEL measurement method but are selected as those 
which displayed the largest discrepancy when compared to the developmental-
bridge measurements. 
The phase-angles of the standard TS-683/TSM substitution resistors which 
were used in the SCEL measurements and that of the VHF Rheostats which were 
used in the Georgia Tech measurements often differ by more than 10°. Since 
this factor does account for some difference in comparative measurements, 
the equivalent resistances are recorded in terms of their a-c impedances as 
measured by the method outlined in Chapter V, Section A3b of this report. 
It is understood that the crystal power dissipation in the SCEL meas-
urements was set and measured by the method of section 18a(6)(c)l of TS-
683/TSM Crystal Impedance Meter Instruction Book and that all crystals were 
measured at 2 mw. In the Georgia Tech measurements, the crystal dissipation 
-75-
Final Report, Project No. A-151 
TABLE VIII 
COMPARATIVE CRYSTAL N'EASUREMENTS 
Developmental 
SCEL Measurement Bridge Measurement 
Approximate 
Crystal z z Frequency Number Fresuenc~ e Freguenc~ e Difference 
(me/sec (ohms) (me/sec {ohms) (%) 
GrouE I 
FlAl-2 104.745,500 23 }12 104.745,930 24 I -8 0.0004 
FlAl-3 104.905,100 17 ·flt 104.905,860 20 J-9 0.0007 
2-W 12$oll2,000 40 LE.. 12$.111,320 42 H -0 .. 0005 
3-W 124.786,100 32 tl2 124.787,430 30 LB:.. 0.0010 
1-3 118.374,100 29 j 10 118.374,800 30 t-2 0.0006 
3-3 117.4 78,400 30 110 117 .. 478,880 32 ,-2 0.0004 
Grou;e II 
D-2 108.565,600 52 . 5 108.567,230 53 cl 0.0015 
D-3 109.667,500 64 tl 109.670,900 77 J-5 0 .. 0031 
D-4 123.710,600 68H 123.713,300 57 I -2 0.0022 
D-6 125.924,800 6oH 125.926,120 63 ~ 0.0010 
D-9 133.541,900 39 L.2.. 133.543,400 37 L::!:± 0.0011 
Grou;e III 
FlAl-2 174.607,400 43 i 13 174.608,660 447i 0.,0007 FlAl-3 174.873,400 32~ 174.875,120 28 ~ 0.0010 
2-W 17Sol59,900 82 L2. 175.159,020 77 L::2. -0.0005 
3..:W 174.703,600 55 tlO 174 .. 704,360 58~ 0.0004 
1-3 16So727,400 55~ 165.728,460 47 ~ 0.0006 
3-.3 164.473,100 61 L2.. 164.4 74,500 so L::!!. 0.0008 
Group IV ( C cancelled) 
0 
FlAl-2 174.605,470 30 ht: 174.607,120 26 7-i 0 .. 0009 
FlAl-3 174.872,600 24@ 174.874,560 20 L2.. 0.0011 
2-W 175.159,580 55 7-* 175.158,090 so t-2 -0.0008 3...:W 174.705,900 42 L.±!!. 174.703,750 41 5-::[ -0.0012 
1-3 165.727,140 40 {13 165.727,770 37 ~ 0.0004 
3-3 164.473,090 41 Ll3 164.473,830 38 L::!:J:. o .. ooos 
Group V ( C cancelled) 
0 
D-2 151 .. 986,900 83 ti 1$1.988,080 83 )-=[ 0.0008 
D-3 153.525,380 120 H 153 .. 523,970 130 71 0.0009 
D-6 176.293,830 86 L!± 176.289,820 112~ -0.0021 
D-9 186.940,170 62 L]_ 186.939,410 73 L::2.. -0.0004 
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was set by varying the oscillator screen voltage until the differenoevoltage 
as measured with an HoP. Model 410B VTVI"I from each terminal of the VHF rheo-
stat to ground, was of the correct value to give 2 mw dissipation in the rheostat 
and, because of symmetry, 2 mw in the crystal~ The bridge was brought into 
balance just prior to the voltage measurement~ and no attempt was made to re-
balance the bridge during the voltage measurement. Although inaccurate be-
cause of phase-angle considerations 9 such a procedure appears acceptable in 
making comparative measurements at this time. 
As discussed earlier in this report~ different results are obtained de-
pending on the direction of signal travel through the bridge. The results 
obtained with one direction of signal travel appear to more nearly correspond 
with the measurements made at SCELo This direction is the one used for the 
tabulated data of Table VIII and is that direction obtained when the signal 
is injected into the crystal-VHF Rheostat common terminal. 
The crystals in group I of Table VIII exhibited frequency and equivalent 
resistance characteristics such that measurement was possible when the Devel-
opmental Bridge was used in conjunction with the TS-683/TSM. The results of 
these measurements are not included in Table VIII, but, on a comparison basis, 
were within the target-specification accuracy as were those using the Devel-
opmental CI Meter and Crystal Parameter Bridge. 
Crystal D-4 of group II, although satisfactory when first measured, pro-
duced inconsistent results in successive measurementso The initial measure-
ments of D-4 are tabulated but are not considered valid. Crystal D=3 indicated 
anRe and frequency considerably higher than those obtained at SCEL, but the 
remaining units of this group appeared to fall witr~n the R target specifi-e 
cations and very near the upper frequency target specifications. 
When compared with SCEL measurements~ the frequencies as measured by the 
bridge fell within the target specifications for all crystals of group III as · 
. did the R for all units except 1=3 and which exhibited considerably lower e 
resistance. 
The effect of G was cancelled in the Crystal Parameter Bridge for all 
0 
crystals of group IV. When compared with SCEL measurements, the frequency 
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and R1 of all units fell within or at the target specifications& 
The effect of C
0 
was also cancelled for all crystals of group V, but 
satisfactory null indications for these crystals could not be obtainedo Ap-
parently, the signal feedback through the crystal is such a small portion of 
the total feedback that oscillator stabilization is not maintained. Although 
a null can be found, the oscillator frequency shifts before the bridge can be 
brought into complete balance. Though not considered valid, frequency and 
resistance measurements were made and are included. 
It is of interest to note that the majority of measurements indicated 
a positive frequency error in the bridge, the primary exception being crys-
tal 2~ which displayed a negative error in each of the groups in which it 
was measurede 
Since the signal from the Georgia Tech Developmental CI Meter is known 
to have harmonic content and since the crystal power dissipation can not be 
accurately determined, the measurements obtained are not considered represen-
tative of the bridge accuracy obtainable. However, if comparisons are made 
to some average or medium value of the several SCEL measurements rather than 
to those having the largest discrepancy, the accuracy obtained for the test 
crystal measurements appears satisfactory. 
D. Related Investigations 
1 a Introduction 
During the course of the investigation of crystal parameter meas-
uring methods, a variety of related processes and devices were studied which 
were not incorporated in the final evaluation models. For various reasons 
these investigations were not altogether completed and conclusive results 
were not obtained. Some of the investigations may be of interest only as 
general information while the others are more closely related to crystal 
parameter measurements in the VHF frequency range and may serve as a prelude 
to more extensive studies. 
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2. Drive Characteristics of VHF Overtone Crystals 
Although it is well known that the magnitude of drive to a crystal 
unit effects a change in the various parameters, insufficient data are avail-
able to determine the exact relationships that exist. Some qualitative fac-
tors are known about the frequency and equivalent resistance deviations as 
a function of drive. Generally the frequency and resistance of fundamental 
units increase with increased drive although exceptions are not uncommono 
Bottom3 has indicated that this change is largely due to the stress created 
by the temperature gradient existing between the outer edge of the crystal 
plate and the heat dissipating center portion, rather than by the temperature 
increase itself. Although individual units may deviate widely, the charac= 
teristics are usually similar enough to establish easily reproduced standards 
of drive for the fundamental and lower overtone units. A search of the 
literature failed to reveal any extensive investigations pertaining to drive 
effects on crystals operating at frequencies above 75 me/sec. Therefore, a 
preliminary study was made during the contract periodo The experimental 
investigations of available VHF overtone crystals indicated a large, incon-
sistent frequency deviation with drive. Similarly, a change in the crystal 
equivalent resistance was evident, but in view of the rather broad allow-
able tolerances, this was not considered as important as the change in fre~ 
quency. Figures 40 and 41 show sample curves illustrating the frequency 
deviation versus screen grid voltage or relative drive as measured in the 
TS-683/TSM CI Meter. Each figure shows the frequency change experienced by 
crystals taken from a group having approximately the same overtone frequency 
and equivalent resistance. Each curve is normalized to the same base fre~ 
quency by extrapolation as indicated by the dotted lines. As shown by the 
curves, some crystals (Z-41) displayed large frequency changes with increased 
drive while the frequency of others (Z-46) remained essentially constant over 
the available drive range. The temperature-frequency characteristics of the 
units were not known and could account for the deviations experienced. How~ 
ever, the results obtained did indicate the need for additional studies to 
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If the large frequency-drive deviations illustrated by the curves are 
typical for higher frequency crystalsj then it is evident that any satis-
factory device for checking the equivalent electrical parameters must in-
clude a method of determining the power dissipationo Because of the loading 
of the measuring device, the present procedure described in Section l8a(6)(c)l 
of the TS-683/TSM CI Meter Instruction Book for measuring and setting the 
drive for a particular power dissipation is unsatisfactory at higher frequen-
cieso This method at these frequencies suffices only as a common reference 
between similar units which operate the crystal unit in identical environ-
mentso It would, therefore, be desirable to develop a method of measurement 
that would be independent of crystal environment in order to obtain proper 
drive conditions between CI Meters or measurement systems of different types. 
3. Reduction of Harmonic Content 
The harmonic distortion of the TS-683/TSM and the Developmental 
CI Meter was discussed in Chapter V, Section B3bo As in the substitution 
system, excessive harmonic or distortion components would cause the bridge-
measured frequency and resistance to be in erroro The oscillator harmonic 
content was originally suspected as being the major factor contributing to 
the discrepancies in bridge balance as discussed in Chapter V, Section C3o 
Although the stray capacity of the VHF Rheostat was later found to be the 
primary cause of the discrepancies, excessive signal harmonic content is 
also capable of causing similar resultso 
Several possibilities for eliminating or reducing the harmonic content 
of the companion oscillator were investigatedo Basicallyj these methods 
fall into two general categories~ the use of harmonic-suppression filters 
and the use of linear oscillatorso The use of linear oscillators is the 
better of the methods but is also more complexo Both methods were investi-
gated to determine the feasibility and comparative merits of each. 
The use of a coaxial filter for reduction of the Developmental CI 
Meter harmonic qontent was unsuccessful because oscillations could not be 
maintained over a satisfactory frequency rangeo Apparently this was due to 
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the phase shift occurring in the filter rather than the additional attenuation 
which was small in the pass bando However, the filter may find use in.other 
oscillator circuitry where the correct loop=phase relations can be obtained~ 
or in passive measuring systems where loop-phase shift is unimportanto The 
filters utilized were the commercial models LP120 and LP200 manufactured by 
the Microphase Corporation of Greenwich, Connecticuto These two low pass 
units have at least 60~db attenuation at the cut off frequencies of 120 and 
200 me/sec and have less than 1-db insertion loss in the pass band. 
In general, a linear oscillator requires external limiting either by 
using a thermally sensitive element or by means of a bias voltage that is 
automatically controlled by the output signal. In the frequency range of 
concern~ the increased stray and leakage reactances that are .associated with 
the external limiting device often prevent the realization of a practical 
oscillator. It is also difficult to maintain satisfactory control over the 
wide range necessary because of the variations in the equivalent crystal 
resistance and desired drive levelso 
An arrangement which incorporated automatic amplitude control in the 
prototype Developmental CI Meter was investigatedo Essentially, the system 
operates by amplifying a portion of the oscillator signal which is then 
rectified and returned~ as a controlled grid bias, to the oscillator tubes. 
In order to obtain sufficient voltage to adequately control the grid bias; 
some amplification is necessary either prior to or following rectificationo 
Normally9 this gain is provided by a suitable a~c amplifier prior to recti-
ficationo However~ for wide frequency ranges this requires the use of a 
continuously tuned amplifier that tracks with the oscillator tuning or else 
the use of an extremel~ wide=band amplifiero An alternate possibility exists 
in which the necessary amplification takes place through the use of a suitable 
d-e amplifier after rectificationo The desirability of this method would 
probably be determined by the allowable amplifier drift during the time nec-
essary to accomplish the crystal=parameter measurementso Should this time 
be relatively short, simple amplifiers could be utilized, but, if this is 
not the case, the more complex (chopper stabilized) d~c amplification systems 
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would be necessary o The experimental setup utilized an SKL wide-band chain 
amplifier and a pair of germanium diodes in the external amplitude-controlling 
system. Both tubes of the two-tube oscillator were operated class A, and the 
effect of controlling the bias and screen voltage of each tube individually 
and both tubes simultaneously was investigated. As of this date, the experi-
mental investigation had not been completed and conclusive results were not 
obtained. However, a reduction of the harmonic content was accomplished but 
only at the expense of a decrease in the available power that could be dis-
sipated in the crystal unito Figure 42 shows the schematic diagram of the 
amplitude control configuration that gave the best results, and also shows 
the necessary changes and interconnections to the Developmental CI Meter. The 
curves of Figure 43 show the relative harmonic content obtained with this 
arrangemento 
Input~ SKL Model 202P 
Chain Amp 0 
~-----------------
SKL Model 202P 
Chain Amp. 
1N55 
Connect To .... a----.... --...... ~ 
Arm of RlO 
33K I 100 Illlllf'd 
-
Change Developmental CI Meter Schema tic p. 111 as follows: 
(1) R3 from 68 ohms to 220 ohms; 
(2) C4 from 5 mmfd to 100 mmfd; 
(3) Cll from 5 mmfd to 10 mmfd; and 
(4) Remove ground from arm of RlO 
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Figure 43. Relative Harmonic Content of Modified Developmental CI Meter. 
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Post and Pitt10 describe a system in which an amplitude-controlling 
device is used in conjunction with the cathode-coupled oscillator. This 
oscillator circuit has often been used in measuring the resonance resistances 
of quartz crystals. The measurement procedure and criteria for determining 
resonance is similar to that of the TS-683/TSM and is, therefore, readily 
adaptable to the Crystal Parameter Bridge technique. The circuit has been 
found to possess an amplifier gain such that operation is feasible with 
equivalent resistance values as high as 200 ohms at £requencies up to 150 me. 
Using presently available tubes~ operation up to 200 me appears practicable. 
As shown in Figure 44, the circuit incorporates a negative~feedback loop 
containing a thermal element to provide amplitude regulation. An analysis 
of the system is presented by Post in his but the basis of operation 
may be generally understood by reference to Figure 45. The system, which 
may be considered as a bridge arrangement, exhibits two very desirable pro-
perties when used for crystal-impedance measurements. 
First, assume that the bridge elements R1 and R2 are purely resistive 
and do not exhibit thermal properties$ that R
3 
represents the equivalent 
resonant resistance of a quartz crystal, and that a4 represents the input 
impedanc~ of the amplifier stage. As shown by Post, R4 is a function of the 
voltage ratio O(:egiek which increases in magnitude as o< increases. Now 
as a
3 
changes from crystal to crystal, the resulting variation in 0( causes 
a4· to change in such a direction as to rebalance the bridge and to maintain 
·the original eg/ek ratio. The result of this effect is that the bridge tends 
to remain in adjustment or equilibrium automatically, even though it is used 
with crystals having different equivalent resistances. 
Second, the amplitude of oscillation can be controlled by making R1 or 
R2 nonlinear. If R2 is a thermal resistance with a positive characteristic, 
then amplitude control is effected in the following mannero As the output 
voltage e
0 
increases, the additional current through thermistor R2 causes 
a rise in its resistance. This change effects an increase in the voltage 
eg relative to ek. Since this represents an increase in the negative feed-
back or a decrease in the resultant overall positive feedback, the amplifier 
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Figure 44. Amplitude Stabilized Cathode-Coupled Oscillator. 
CATHODE-COUPLED 
AMPLIFIER 
Figure 45. Bridge Circuit of Amplitude Stabilized Cathode-Coupled Oscillator. 
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gain is reducedo The decreased gain reduces e until bridge equilibrium is 
0 
again reachedo By proper adjustment of the element values, the equilibrium 
amplitude may be set so that the amplifier tube operates class A. Construc-
tion of a breadboard unit utilizing this principle was started in order to 
determine the feasibility of operation at the frequencies of interest but 
was not completed because of the higher priority attached to the delivery of 
the final model units. It is evident, however, that since this method offers 
essentially linear operation and thereby low-signal harmonic content, it is 
worthy of experimental investigation. 
4. Additional Oscillator Circuits 
While examining the characteristics of tubes for possible use in 
the CI Meter circuitj it was noted that the desirable combination of low input 
and output capacities and high transconductance is found in a number of triodes. 
The triode, because of its high grid-to-plate capacity, is not suitable for 
use as a grounded=cathode amplifier in either the conventional or two~stage CI 
Meter circuits. However, a number of oscillator circuits using triodes appear 
suitable for use as a substitution type CI Meter or in conjunction with the 
Crystal Parameter Bridge. One of these~ the cathode-coupled or Butler circuit, 
was discussed in the previous section in connection with an automatic ampli-
tude control systemo Two additional circuits which are of particular interest 
because of their high frequency possibilities were investigated during the 
contract period. Although the investigations of neither was fully completed, 
the results obtained indicated that possibilities existed which are worthy of 
additional investigationo, ,· 
A schematic diagram of the impedance-inverting Pierce Oscillator is 
shown in Figure 46o It appears, from a study of the literature, that this 
circuit has not been utilized in test sets for measuring crystal parameters. 
As mentioned, one of the advantages of this circuit is that high transcon-
ductance triodes may be used to obtain operation at high frequencies~ Also, 
in the substitution method,the inclusion of the crystal-holder capacity as 
part of the impedance-inverting network provides compensation for this capa-
city and allows the circuit to operate at the series-resonant frequency 
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Figure 46. Impedance-Inverting Pierce Oscillator. 
rather than the resonant frequency of the crystal. This oscillator has the 
disadvantage of a low order of rejection at harmonics of the crystal fre-
quency but compares favorably with the Butler circuit in this respecto 
The impedance-inverting oscillator differs from the conventional Pierce 
Oscillator in that the crystal is operated at or near its series-resonant 
frequency, and a network is used to invert the low series-resonant impedance 
to the required antiresonant impedance. 4 This impedance, R , of Figure 46 
X 
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2 ro = 1/LCo 
0 
(22) 
In the above equations it is assumed that C = C =- C Then, at ro the net-o n ~ o 
work is the lumped equivalent of a quarter-wave line having a characteristic 
impedance, Z , equal to ~. The circuit in Figure 46 will oscillate with 
0 
the lowest value of ~ when Cpk is padded to equal Cgko With this restriction 
the requirement for oscillation becomes 
(23) 
Because the value of R is limited by the crystal resistance and cir= 
X 
cuit capacities, the oscillator with conventional tubes is usually restricted 
in use to frequencies below 100 mco However, presently available high trans-
conductance tubes (WE-416A-B, ~ = 50,000 micromhos and WE-417A, gm = 259 000 
micromhos), indicate that the operation of a high frequency Pierce Oscillator 
near 200 me is practicableo 
Analysis of the Pierce Oscillator utilizing a balanced impedance-inver-
ting line with the WE-416A tube results in an upper frequency limit of 200 me 
using crystals having values of R1 less than 120 ohmso The upper frequena,y 
limit for this tube and crystals having 200-ohms resonant resistance is only 
130 111Co 
Higher values of R may be obtained by operating the impedance-inverting 
X 
network in an unbalanced condition, that is, with C <:.C o The analysis of n o 
this type of operation has not been reduced to a simplified· form but is pre-
sented in detail in reference 5o The WE-417A, although having a lower trans-
conductance, is well suited to use with an unbalanced network because of its 
relatively low input capacitye Analysis of circuits using this tube and the 
unbalanced configuration indicate the possibility of obtaining oscillations at 
200 me with 200-ohm crystals o This suggests that the circuit may be well 
suited as a companion oscillator for the Crystal Parameter Bridge~ When used 
for this purpose, the line-terminating resistor and the crystal would be replaced 
by the bridge unito 
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During the early part of the contract period the oscillator of Figure 
46 was constructed for operation near 50 mc/seca This frequency was selected 
because at that time the only crystals available had useable frequencies 
near 50 me/sec. A number of crystals were checked using the substitution 
method, and values of R were obtained in all cases within 10 per cent of e 
the value given by the TS-683/TSM. Because precise frequency measuring 
equipment was not available at that time, no effort was made to accurately 
compare the frequencies. 
The cascode oscillator uses two triodes connected in a cascode con-
figurationo If identical, the triodes effectively operate as a single pen-
tode amplifier having a transconductance equal to that of one of the triodes. 
Triodes are presently available which have a lower input capacity and a larger 
transconductance when compared to pentodeso For this reason the cascode 
arrangement permits operation of the line~coupled or CI Meter circuit at fre-
quencies above those presently obtained using pentodes. 
The action of the triode cascode amplifier may be analyzed by reference 















Figure 4 7 o Cas code Amplifier. 
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potential ep nearly constant with variations in i due to e ., If the voltage 
1 p g 
ep
1 
is held constant, the current gain of the lower tube v1 is ~ and, as 
the current of v
1 
also flows through v2 and R1 , the voltage gain of the cascade 
is approximately g~\., This is normally the same amplification obtained with 
a pentode having a transconductance of g~ and a plate load of Rr, o The voltage 
gain of v1 is determined by the load which, in the cascade circuit, is the 
input impedance of the grounded grid tube V
2
., This impedance is approximately 
1/g~ and, therefore, the gain g~/g~ of v1 is unity if the two tubes are 
identical., This is of importance in that a low gain minimizes the effective 
Miller input capacity of v1 ., The capacitance values shown in Figure 47 
apply to the 6AN4 triode, which has a transconductance equal to 10,000 micro-
mhoso Because the gain of the first (grounded-cathode) stage is near unity, 
the input capacity C is found to be 
n 
C =. C 1" C (1 + A) = 6o 2 nnnf o 
n gk gp (24) 
The gain of the two tubes in this configuration is not less than a single-
pentode, grounded-cathode stage having the same g ; and as shown in Progress 
m 
Report No., 2, a suitable gain margin is provided for operation at 200 me/sec., 
An oscillatory circuit using the cascade configuration and the conven-
tional line-coupled circuit was constructed., This circuit utilized two lumped 
element quarter-wave line sections as impedance-transforming networks to 
couple the v2 plate to the crystal and the crystal to the v1 grido Although 
several modifications of the basic circuit were tried, the most promising is 
that shown in Figure 48 o 
L , in conjunction with the tube and circuit stray capacitances C p p 
and C , forms the plate impedance inverting line while L with similar strays s g 
forms the grid line., R
3 
and c2 provide grid leak bias for V1 and are placed 
at the low impedance end of the quarter-wave line rather than directly at 
the grid of v1 ., This allowed the stray capacity of the grid leak to be used 
as a portion of the line yet prevented its addition to the tube capacity C 
g 
which should be kept as low as possible., R1 and R2 are the line-terminating 
-92-
Final Report,. Project No. A-151 
~----------------------------------------------------~8+ 
Figure 48. Cascade Crystal Oscillator. 
resistors, and L is tuned to antiresonate the crystal-holder capacity C • 
X 0 
c1 serves to block the supply potential from the crystal. R4 and R5 pro-
vide a fixed d-e potential at the grid of v2 while c5 holds it at r-f ground. 
L antiresonates the stray capacity existing to ground from the output of s 
vl and the input of v2. 
The circuit using two ganged sections of a Mallory Spiral Inductuner 
for L and L operated satisfactorily over a frequenqy range of 68 to 255 
p g 
me/sec with an equivalent crystal series resistance of 100 ohms or less. 
The two sections of the indu.ctuner were offset one-half revolution to obtain 
correct inductances slightly above the midband frequencyo Because of the 
spiral nature of the tuner, this offset prevented the two inductances from 
tracking correctly throughout the frequency range covered. As the equivalent 
series resistance was increased, the activity of the oscillator decreased 
and oscillation was not continuous over the entire frequency range. For 
example, with a series resistance of 150 ohms, dead spots occurred between 
170-205 me/sec and between 240-245 me/sec. In addition, dips in activity 
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were evident at other points in the tuning range. Some correlation was 
noticed between many of these dead spots and dips and the tracking of the 
offset inductuners, indicating the need of a more satisfactory tuning 
arrangement. However, the remaining dips and peaks throughout the range 
appeared to be due to other causes. In particular, the action of Ls in anti-
resonating the interstage capacity was found to be unsatisfactory in the 
model. The output of the first tube v1 (Figure 48) is loaded by the cathode-
to-ground capacity of V2e This reactance is approximately 130 ohms at 200 me 
in the case of the 6AN4. This capacitive load across the l/gm
2 
input im-
pedance of about 100 ohms is quite detrimental in that the gain of the circuit 
is reduced to a value considerably less than gm1R:t;. The input capacity of 
v2 can be antiresonated with a suitable inductance, but this was found to be 
effective only over a relatively narrow frequency band in spite of the low 
impedance existing at this point. Within a frequency band where the capacity 
was satisfactorily antiresonated, operation was realized with equivalent 
series resistances as high as 400 ohms. An attempt was made to continuously 
tune this inductance by ganging with Lp and Lg' but it seems practicable only 
with a considerably modified inductuner. 
Although intended primarily for use as a CI Meter, the oscillator in-
dicated possibilities for use as a high frequency crystal oscillator. The 
breadboard oscillator was operated with several crystals at frequencies above 
240 me/sec. For instance, an RCA crystal with a fundamental of 18.915 me 
was operated at its 13th overtone at a frequency of 246.0856 me as measured 
on a Gertsch Model FM-3 UHF Frequency Meter. Stability was found to be on 
the order of 0.3 ppm/v over a supply-voltage range of approximately 20 v. 
Because of insufficient time to design and construct sui table tracking 
inductances, the experimental work on this circuit was temporarily discon-
tinued in favor of the two-tube Developmental CI Meter circuit, which appeared 
to satisfactorily meet the requirements of the proposed test unit. 
5. Alternate Bridge Circuits 
The most stringent requirement of a practicable system utilizing the 
Crystal Parameter Bridge circuit was that imposed on the variable resistor~ 
which should exhibit zero reactance within the frequency range of 75 to 200 me. 
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As this may be more nearly realized with a fixed rather than variable resist-
ance, several alternate bridge networks were considered prior to the develop-
ment of the VHF Rheostat. 
One possibility as shown in Figure 49 utilized a differential variable 
capacitor c1, c2 and a fixed resistor R1• Balance is achieved by changing 
the ratio of c2;c1, and at balance the equivalent resistance of the crystal 
is given by Re = R1C2/C1 o One disadvantage of this network is that C0 cannot 





Figure 49. Differential Capacitor Bridgeo 
Another Bridge circuit for use in a crystal impedance meter that,al-
though requiring a variable resistor,appeared to offer some additional ad-
vantages is shown in Figure 50. 
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0~ 
d 
Figure 50e Bridge Number 3. 
In this bridge circuit R4, the variable resistor, is placed in series 
with the crystal feedback path while R2 and R3
, the balanced impedances, pro-
vide the other feedback path. Operation is similar to that of the Crystal 
Parameter Bridge circuit. 
Several advantages are apparent in this circuit : 
(1) At higher frequencies the circuit may be prevented from running 
on C
0 
and c4 by neutralizing the series combination with an inductance con-
nected between points a and c. This inductance being external to the bridge 
itself would have no effect on balance. 
(2) Since resistor R4 is in the same feedback path as the crystal, 
both the resistor and the crystal would contain the same distortion components 
and no error in the equivalent crystal resistance would exist due to dis-
tortion. 
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(3) Impedances R2 and R3 
can be made large enough to prevent the oscil-
lator from running except under crystal controlo One disadvantage of this 
network is the increased impedance in the feedback path resulting in a re-
quirement of a greater gain from the oscillatoro This impedance at balance 
is necessarily twice the equivalent crystal resistance reduced by the paral-
le~ path of R2 and R3
• 
Experimental work on this bridge circuit for use with the CI Meter in-
dicated a major difficulty at higher frequencies due to the stray capacitive 
currents through the unbalanced branches of the bridgeo If the impedances 
to ground due to stray reactances at terminals b and d of Figure 50 are con-
sidered equal, then the divider action of the bridge arms causes a voltage at 
b equal to that at d only when Zab= Zad and ~c::: Zdco In this particular 
bridge, Zad would seldom be equal to Zab and would normally be much larger to 
prevent the oscillator from free running through the Z d branch. These 
a c 
stray capacitive currents prevent the bridge from being in true balance al-
though balance is indicated by the zero or null reading of the balance in~ 
dicator. Since it is impractical to physically construct a bridge that would 
eliminate the stray reactances at the frequencies of interest, work on bridge 
No. 3 was discontinued. 
In an attempt to overcome some of the limitations of the stray reac-
tances incurred in the above bridge and in the Crystal Parameter Bridge, an 
experimental coaxial bridge or comparator was constructedo The unit shown 
in Figure 51 utilized two matched directional couplers, which sample a por-
tion of the current flowing through each leg. These two currents are de-
tected by a germanium diode, and the resultant voltage, which is proportional 
to the vector difference of the two line currents, is fed to a sensitive 
null indicator. No conclusive results were obtained with this particular 
device, as the proper directional couplers were not available at the timeo 
However, this, or a similar hybrid arrangement, may provide the most satis~ 





























Figure 51. Coaxial Bridge. 
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VIe CONCLUSIONS 
The recent advances made in the techniques of crystal unit fabrication 
have enabled manufacturers to produce units capable of overtone operation at 
frequencies exceeding 100 me/sec. Direct crystal control of communication 
channels at these higher frequencies can eliminate the inefficient and space 
consuming methods necessitated by presently used multiplication stages. The 
need of a device or method for determining the quality of these VHF crystal 
units is evident. Specifically, a simple self~contained instrument is needed 
that is suitable for use by manufacturers for quality control and by circuit 
engineers for design informatione 
The experimental devices developed indicate that a test instrument can 
be realized which supplies this need and generally meets the requirements set 
forth in Chapter I. Two of the developmental devices~ a VHF rheostat and a 
VHF oscillator, form the basis of a substitution type measuring system that 
is capable of measuring quartz crystal units having a series resonant fre~ 
quency up to 200 me/sec and equivalent series resonant resistance up to 200 
ohms. When used in conjunction with these two, a third device consisting 
of a bridge arrangement allows measurement of all the equivalent electrical 
parameters up to 175 me/sec for equivalent resistances up to 120 ohmso 
A primary limitation on the substitution method presently used in CI 
Meters is the high phase-angle characteristic presented by the substitution 
or calibration resistorso The limitations on these phase-angle character~ 
istics are established as a function of the crystal Qo For a Q of 10,000 
and up the substitution element must exhibit phase-angle characteristics of 
± 11° or less to assure operation of the crystal at its series-resonant fre-
quency within 0.001 per cent. Acceptable phase=angle characteristics have 
been determined to exist in the substitution resistors between 60 and 150 ohms 
only. A further limitation in the use of these resistors is the necessity for 
interpolation and the large number of resistors required. 
The VHF Rheostat has been developed which exhibits phase-angle character-
istics comparable to fixed resistances. Six rheostats cover the frequency 
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range of 75 to 200 me/sec with a phase of t 11° or less. Five rheostats are 
compensated for the resistance range of 20 to 100 ohms, each covering a fre-
quency increment of 25 me/sec. The sixth unit is uncompensated and is satis-
factory over the frequency range of 75 to 200 me/sec for resistance values 
from 100 to 200 ohms. Two complete sets of the VHF Rheostats were delivered 
to SCEL for evaluation. 
An oscillator circuit suitable for use in the substitution method of 
measuring crystal parameters was developed. When used with the VHF Rheostat 
this unit, called the Developmental CI Meter, is capable of measuring crystals 
at frequencies from 75 to 200 me/sec with equivalent resistances up to 200 
ohms. The unit utilizes a modified line-coupled or CI Meter circuit. The mod-
ification consists of replacing the single tube amplifier, which lacks suffi-
cient gain at the higher frequencies, by a two-tube amplifier. The need for 
an interstage phase-inverting transformer is eliminated by utilizing the 
transit-time phase shift of the tubes and by detuning the three resonant cir-
cuits to obtain the correct loopphase condition for oscillation. The tran-
t 
sit-time phase shift for both tubes is approximately 90° at 150 me/sec. The 
need for anti-resonating the crystal holder capacity C
0 
at the higher fre-
quencies is confirmed and a method of simply adjusting a small variable plug-
in inductance for accomplishing this purpose is described in detail. An 
interim unit and two final model units were delivered to SCEL for evaluation 
purposes. A set of plug-in anti-resonating inductances was included with the 
interim model. 
A bridge configuration called the Crystal Parameter Bridge was developed 
which enables all the fundamental equivalent circuit parameters to be measuredo 
The system utilizes an oscillatory circuit and the bridge in such a manner as 
to allow the crystal being measured to also control the frequency stability of 
the oscillatoro The bridge circuit, which includes the crystal under test, 
is inserted in the feedback path of a suitable oscillator such as the Devel-
opmental CI Meter. When the oscillator is tuned nea~ or at,one of the crystal 
resonant frequencies, it is stabilized by the increased portion of the feed-
back that passes through the crystal arm of the bridge. The oscillator may 
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therefore, be considered as supplying a stabilized signal source for opera-
tion of the bridge near the resonant frequencies of the crystal. The re~ 
sulting combination combines many of the properties of both the passive and 
active measuring systems. 
The probable accuracy of the bridge measurement system was determined by 
comparing the results obtained with those obtained by SCEL using other active 
measuring systems. For crystal frequencies of 75 to 175 me/sec and equivalent 
resistances up to 120 ohms the prototype bridge exhibited a frequency accuracy 
of 0.001 per cent and a resistance accuracy of z 10 per cent as specified 
in Chapter I. In its present state of development the bridge is of lumped 
element construction and the associated stray reactances impose an upper fre-
quency limitation near 175 me/sec. Another limitation is due to the crystal 
holder capacitor and its associated bridge balancing capacitoro As the fre= 
quency is increased, the reactances of these capacitors decrease and the pro~ 
portional amount of crystal controlled feedback is reduced until satisfactory 
stabilization of the oscillator is not obtained. Two prototype models of the 
Crystal Parameter Bridge were delivered to SCEL for evaluationo 
Several additional oscillator configurations are considered which use 
triodes rather than pentodes and which are sui table for use as a substitution 
type test instrument or for use in connection with the Crystal Parameter Bridge. 
These circuits take advantage of the larger transconductance and smaller input 
capacity exhibited by triodes as compared to pentodes. The cascade circuit in 
particular appears to be well suited for VHF crystal operation at frequencies 
at least up to 250 me/sec provided suitable tracking of the resonant circuit 
inductances is provided. 
The necessity of specifying the drive to, or the power dissipation in~ 
crystal units during measurements is shown by preliminary investigations. 
Small changes in drive appear to cause the frequency and resistance of some 
VHF crystals to change by an amount greater than the desired measurement accu-
racy while others indicate small deviations with large changes in drive. 
Excessive harmonic content in the signal of the associated oscillator may 
be a source of additional error in crystal measurements. The harmonic content 
of the Developmental CI Meter was reduced through use of an automatic amplitude-
control system. A portion of the output signal was amplified, rectified and 
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The present availability of VHF crystal units and the probable develop-
ment of units for operation at 300 me/sec or higher require test instruments 
capable of measuring the equivalent electrical parameters of these units. 
Primarily, a laboratory measurement device is required in conjunction with the 
development phase and eventually~ a practical routine test instrument is need-
ed for use in quality control of production unitsa The desirability of con-
tinuing the investigation and development of devices to supply this need is 
evident. 
Specific investigations which should be continued or extended are~ 
lo Investigation of the effects of drive on VHF crystal units to 
determine the optimum drive conditionsj the parameter variations and the meas-
urement accuracy required to assure repeatability of parameter measurements' 
2. Investigation of methods of measuring and setting the power 
dissipation in VHF crystals, this should include a laboratory type or refer~ 
ence method which is independent of the crystal parameter measurement system 
as well as a simplified device suitable for use with particular routine meas-
uring instruments; 
3. Investigation of means for establishine a laboratory measuring 
technique for use as a standard for measuring the equivalent electrical param-
. ~-e· tera of VHF crystal units~ 
4. Continuation of the general investigation of oscillator circuitry 
suitable for crystal operation at frequencies above 150 me/sec as well as 
cific study of circuitry suitable for use in possible measurement devices} 
5o Investigation of bridge measurement methods incorporating the 
principles of the Cr.ystal Parameter Bridge with emphasis on elimination or 
reduction of the detrimental effects of stray reactance in the VHF range~ in 
particular~ investigation of hybrid coaxial bridge configurations and the re= 
lated oscillator circuitry; 
6e Investigation of new methods of exciting or mounting crystals to 
eliminate the deleterious effects of present holders; 
' 7 o Study of methods of simply counteracting the effects of the crys= 
tal holder capacity in 11 use 11 oscillators as well as in parameter measuring 
systems; 
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8o Study of VHF crystals as mounted in present holders to determine 
the nature of the electrical effects produced Q1 the holder and to ascertain 
the best factors for specifying the quality of the crystal and holder combi-
nation; and 
9. Continuation of the development of variable resistances exhibit-
ing low phase-angle characteristics in the frequency range of 100 to 300 me/sec 
with emphasis on coaxial configurationso 
As a final summary, it appears that considerable work remains to be done 
in extending and improving the methods of measuring VHF crystal parameterso 
As the use frequencies of quartz crystals are extended towards the UHF band, 
the necessity of further use of semi-distributed rather than lumped element 
configurations is apparento 
Ap~d:t /) 
J~es Eo Boyd~ Chie'f 
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X. APPENDIX 
A. Error Corrections 
The following errors occurred in the Quarterly Progress reports of this 
project and should be corrected as indicatedo 
1. Report Noo 2, page 4, the line following equation 1 should read 
" h . . mh It ••• were gm 1s 1n os. 
Report No. 2, page 6, the fourth line of the first paragraph fol-
lowing equation 4 should read nooe by the tube transit time on the 
Report No. 2, page 18, the frequencies of Table II should have a 
decimal point in place of the first comma. 
4. Report No. 4, page 28, the 12th line of the second paragraph should 
read "••• through the bridge arm which does not ~··" 
5. Report No. 5, page 19, equation 5 should have R1 in the numerator 
instead of 1, also Q1 of the third term should be squared. 
ooe 
6. Report No. 6, page 7-8, equation 6 should have a plus rather than a 
minus sign in the numerator as should the same term in equation 10. 
The denominator of equation 11 should be 1 ~ P%, and the second line 
following equation 11 should be.6f=l00 kc/sec rather than 334 kc/sec. 
The inequality of the third line from the bottom of page 8 should 
read 1/2 R<:~q• 
7. Report No. 6, page 13, the sixth line of the first paragraph of 
section C should read "••· was suspected to be the difference ••• 11 • 
8. Report No. 6, page 14, the last two words of the second line "higher 
than" are questionable and should be changed to "different from". 
9. Report No. 6, page 18, the numerator of equation 5a should be R1 
rather than 1. 
10. Report No. 6, page 20, equation 16a should read 
Q=~ (1- "11- r 2). 
2Mr 
11. Report No. 7, page 6-7, the harmonic content curves are in error due 
to failure to take into account the coupling capacitor between the 
oscillator and the measurement set~up. These curves are shown cor-
rected on pages 48 and 49 of this report. 
-109-
t1 
Final Report1 Project No. A-151 
12. Report No. 7, page 8, the word ffseries" should be deleted in the 
first lineo 
13. Report No. 7, page 15, the frequency of crystal 2~ should read 
175.158,090 for the Developmental Bridge measurement. 
14. Report No. 7, page 15, the frequency of crystal FlAl-3 should read 
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